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THE  MISSION  OF  AGARD 


"  According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in 

I  the  fields  of  science  and  technology  relating  to  aerospace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community; 

I  —  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research 

and  development  (with  particular  regard  to  its  military  application); 

I  —  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

^  —  Exchange  of  scientific  and  technical  information; 

J  —  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 

^  connection  with  research  and  development  problems  in  the  aerospace  field. 

[  The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 

representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of 
experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through 
the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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PREFACE 


Simulations  have  been  used  in  guidance  and  control  system  development  for  a  long  time  and  in  varying  degrees  of 
complexity.  Only  minimal  complexity  is  required  in  continuous,  linear  analytical  representations  of  control  components.  On 
the  other  hand,  much  complexity  would  be  necessary  to  represent,  for  example,  a  radar-guided  missile  including 
nonlinearities  in  subsystems  such  as  airframe  aerodynamics,  inertial  instrumentation,  and  processing  electronics. 

A  variety  of  simulation  tools  and  techniques  has  evolved  to  deal  effectively  with  the  various  complexity  levels. 
Computer  technology  largely  determined  what  was  feasible  and  achievable  and,  consequently,  what  was  accomplished. 
Continuous  system  modelling  programs  for  digital  computers  significantly  aided  the  subsystem  design  process.  Analog 
computers  with  complex  function  generation  capabilities  were  quite  adept  at  treating  problems  associated  with  system 
nonlinearities.  Such  systems  could  also  function  in  real  time,  making  hardware-in-the-loop  operation  possible.  Modem 
digital  computers  have  evolved  rapidly  in  speed  and  memory  capacity  so  that  the  operation  of  quite  complex  simulations, 
perhaps  in  real  time,  is  routinely  performed.  Desk-top  machines  are  now  being  employed  in  some  applications  and  their  use 
will  certainly  increase. 

This  AGARDograph  provides  information  on  simulation  applications  in  the  tactical  weapons  area  over  the  recent  past 
It  is  not,  nor  is  it  intended  to  be,  an  exhaustive  treatment  of  the  subject  Rather,  its  purpose  is  to  show  the  evolutionary  trends 
in  tools  and  techniques  in  this  application  area.  Digital  and  hardware-in-the-loop  techniques  are  treated  and  examples  are 
provided  of  simulation  and  validation  efforts  involving  operational  systems. 


*  « 


Les  simulations  sont  employ^  depuis  longtemps  pour  )e  developpement  des  systemes  de  guidage  et  de  pilotage,  et  a 
differents  niveaux  de  complexity.  Les  representations  continues,  lineaires,  analytiques  des  composants  de  pilotage  n'exigent 
qu'un  niveau  minimal  de  complexite;  par  contre,  la  representation  d’un  engin  guide  par  radar,  qui  tient  compte  des  non- 
linearites  au  niveau  des  soui-systemes  telles  que  I'aerodynamique  de  la  cellule,  I’instrumentation  inertielle  et  les  unites  de 
traitement  electroniques  est  d'une  complexite  beaucoup  plus  grande. 

Diverses  techniques  et  aides  a  la  simulation  ont  etc  mises  au  point  efficacement  pour  permettre  la  simulation  a 
differents  niveaux  de  complexite.  Les  limites  du  faisable  et  du  realisable  dans  ce  domaine,  et  par  consequent,  le  resultat  final, 
ont  etc  dictees  en  grande  partie  par  la  technologie  des  ordinateurs.  Les  programmes  de  modelisation  des  systemes  en 
continu,  developpes  pour  les  calculateurs  digitaux,  sont  d’une  aide  considerable  pour  I’etude  des  sous-systemes. 

Les  calculateurs  analogiques,  capables  de  generer  des  fonctions  complexes  s’averent  bien  adaptes  a  la  resolution  des 
problemes  associes  aux  non-linearites  des  systemes,  en  plus,  de  tels  systemes  peuvent  fonctionner  en  temps  reel,  ce  qui 
permet  d’introduire  le  materiel  dans  la  boucle  operatoire. 

La  capacity  mymoire  et  la  vitesse  de  calcul  des  demiers  calculateurs  digitaux  sont  telles  que  la  ryalisation  de  simulations 
relativement  complexes,  parfois  en  temps  ryel,  est  devenue  une  opyration  de  routine.  Les  petits  ordinateurs  de  bureau  sont 
dyja  utilisys  pour  certaines  applications,  et  la  tendance  va  certainement  s'accentuer. 

La  prysente  AGARDographie  donne  des  informations  sur  les  applications  de  simulation  realisyes  rycemment  dans  le 
domaine  des  systemes  d'armes  tactiques.  EUe  ne  reprysente  pas  et  ne  prytend  pas  reprysenter  un  expose  exhaustif  du  sujet. 
Elle  est  plutot  destinee  a  rendre  compte  des  tendances  yvolutives  en  termes  d’aides  et  de  techniques  dans  ce  domaine 
d’application.  Les  techniques  digitales  et  matyriel  dans  le  boucle  sont  examines  et  des  exemples  de  realisations  en  simulation 
et  de  validation  executees  sur  des  systemes  opyrationnels  sont  prysentes. 
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THE  ROLE  OF  SIMULATION  IN  THE  RESEARCH  AND  DEVELOPMENT  PROCESS 
FOR  TACTICAL  GUIDED  WEAPONS 


by 

Dr  W.P  Albritton.  Jr 
AMTEC  Corporation 
213  Ridgelawn  Drive 
Athens,  AL  356 1 1 ,  US  A 


Summary 

A  brief  commentary  is  provided  on  the  general  applicability  of  simulation  techniques  to  the  research  and  development 
process  for  tactical  guided  weapons.  Weapon  performance  simulations  are  placed  within  the  proper  context  of  other  areas  of 
simulation  which  are  applicable  to  the  problem.  Different  implementation  techniques  for  performance  simulations  are 
described. 


Background 

The  typical  weapon  development  process  has  four  phases;  concept,  validation,  full-scale  development,  and  production. 
Simulation  plays  an  important  role  in  each  phase  as  an  aid  to  answering  critical  questions  and  making  key  decisions.  The 
nature  of  the  questions  and  decisions  changes  as  the  development  process  progresses.  Simulation  tools  do  not  change  very 
much  through  the  various  phases,  but  the  accuracy  of  those  tools  does  improve  with  the  availability  of  more  and  better  input 
data. 

Generally  speaking,  whatever  the  development  phase,  the  process  is  (or  should  be)  concerned  with  weapon  cost 
effectiveness.  As  illustrated  in  Figure  1,  cost  effectiveness  relates  a  weapon's  cost  to  its  ability  to  accomplish  some  task.  As 
the  figure  indicates,  it  is  generally  true  that  the  more  a  weapon  does,  the  more  it  costs.  Increases  in  weapon  accuracy  and 
range,  for  example,  generally  come  at  the  expense  of  increased  cost 

The  purpose  of  such  cost  effectiveness  determinations  is,  of  course,  to  aid  in  making  decisions.  In  the  case  illustrated  by 
Hgure  1 ,  the  data  regarding  weapons  A,  B,  and  C  are  clear;  the  "best  choice"  of  the  three  is  not  so  clear.  Requirements  and 
other  outside  factors  influence  the  "best  choice"  decisions.  For  example,  if  the  decision  to  be  made  is  which  weapon  (A,  B,  or 
C)  to  develop  and  the  performance  requirements  are  quite  stringent  (i.e.,  the  weapon  must  do  much),  then  weapon  C  is  the 
clear  choice. 


Figure  1.  Weapon  Cost  Effectiveness 

Sufqtose,  however,  that  weapon  A  already  exists  and  the  question  at  hand  is  whether  to  develop  weapon  B  or  C.  If  the 
task  to  be  accoiiqdished  does  not  have  high  priority  relative  to  other  requirements  in  competition  for  available  funds,  then  the 
correct  choice  might  be  to  delay  the  B/C  choice  and  use  weapon  A  in  the  interim. 
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Simulation  Variety 


The  cost  effectiveness  process  mentioned  above  is  illustrated  in  Figure  2.  The  process  produces  the  needed 
cost/accomplishment  output  data.  In  this  simplified  rejnesentadon,  there  are  two  sets  of  inputs,  the  mission  scenario  and  a 
weapon  or  weapon  concept.  The  mission  scenario  is  a  desctipdon  of  what  a  weapon  is  required  to  do  and  in  what  context. 
Contextual  informadon  would  include  items  such  as  delivery  platform  and  supporting  assets  characterizadons.  A  delivery 
platform  nught  be  a  fighter  aircraft  (for  an  air-to-air  missile),  a  helicopter  (for  an  andtank  missile),  or  an  artillery  piece  (for 
a  cannon-launched  guided  projectile).  A  variety  of  models  and  simuladons  is  utilized  in  carrying  out  the  cost  effecdveness 
{vocess  shown  in  Hgure  2. 


Figure  2.  Cost  Effectiveness  Process 


The  mission  scenario  target  descriptions  include  vulnerability  models.  Such  models  relate  the  target's  ability  to 
perform  its  mission  as  a  function  of  the  damage  done  to  it,  describe  the  various  kinds  of  damage,  and  quantify  the  damage  for 
various  kinds  of  appropriate  kill  mechanisms. 

Delivered  weapon  accuracy/poformance  simuladons  predict  how  close  the  werqwn  will  come  to  the  target  and  in  what 
relative  orientation.  Models  of  the  weapon  are  required  which  quantify  the  effects  of  all  error  sources,  including  errors 
associated  with  the  delivery  platform  and  target  characteristics. 

Weapon  effectiveness  requires  simulations  which  relate  weapon  accuracy,  kill  mechanism  characteristics,  and  target 
vulnoability  through  weapon/target  interactions  which  produce  some  measure  of  merit  such  as  a  kill  [Hobability. 

These  are  a  few  examples  of  simulations  involved  in  the  cost  effectiveness  process  of  Figure  2.  Other  simulations  are 
also  required  in  addressing  areas  such  as  attrition  asset  costs,  mission  effectiveness,  etc.  Aside  from  cost  effectiveness,  other 
large  scale  battle  analysis  and  wargaming  simulations  are  needed  to  examine  the  appropriate  weapons  mix,  evaluate 
deployment  options,  assess  threat  response  options,  etc.  Of  the  variety  of  simulation  areas  described  above,  the  one  closest  to 
the  weapons  designers  is  the  delivered  weapon  accuracy^Jcrformance  simulation.  It  is  through  such  simulations  that  design 
options  ate  considered,  subsystem  performance  allocations  are  made,  and  performance  boundaries  ate  predicted.  This 
simulation  area  is  the  primary  focus  of  the  papers  contained  in  this  AG  ARDogtaph. 


Weapon  Pcrfoimance  Simulations 

A  we^n  simulation,  in  this  context,  is  a  computer  r^nesentation  of  the  various  equations  (i.e.,  the  models)  which 
describe  a  weapon  and  the  environment  with  which  it  interacts.  Three  ways  to  implement  these  simulation  have  evolved. 

Analog  computer  simulations  were  used  first,  simply  because  they  could  carry  out  the  necessary  computations  at  the 
required  speeds.  The  advent  of  faster  digital  computes  led  to  hybrid  (part  analog,  part  digital)  simulations.  Some  functions 
were  conveiuent  to  implement  in  a  digital  machine  (e.g.,  aerodynamic  look-up  tables)  while  others  were  more  ajqrropriate 
for  analog  implementations  (e.g.,  control  systems).  A  special  case  of  the  atutiog  or  hybrid  implementation  was  die  hardware- 
in-the-ioop  (HllL)  simulation.  In  a  HTTL  simulation,  parts  of  the  function  ate  carried  out  by  actual  weapon  hardware. 
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Completely  digital  simulations  have  been  made  possible  by  the  continued  evolution  of  faster  (and  chea])er)  machines. 
Also,  certain  weapon  functions  which  had  been  easy  to  implement  by  analog  computers  are  becoming  digitally  executed  in 
the  weapon  hardware  (e.g.,  digital  autopilots).  The  result  of  this  evolution  is  that  there  are  now,  for  all  practical  purposes, 
two  types  of  weapon  simulation  implementations:  digital  and  HITL,  the  latter  being  a  combination  of  digital  computers  and 
actual  weapon  hardware. 

HITL  simulations  require,  in  addition  to  computers,  a  variety  of  environmental  effects  simulation  hardware.  For 
example,  using  a  missile  seeker  in  a  HITL  simulation  necessitates  construction  of  a  target  simulator  of  some  sort.  The  target 
simulator  should  appear,  when  viewed  by  the  seeker,  to  be  a  realistic  target  in  a  realistic  environment.  How  much  realism  is 
achieved  is  usually  rather  directly  related  to  how  much  money  is  spent.  The  converse  is  only  sometimes  true. 

Digital  simulations  fall  into  two  categories;  statistical  and  deterministic.  The  statistical  variety  are  frequency-domain 
simulations,  which  ate  very  efficient  in  that  they  produce  measure-of-merit  statistics  (e.g.,  rms  miss  distance)  in  a  single  run. 
Techniques  are  also  available  for,  in  essence,  running  such  simulations  in  reverse.  That  allows  output  errors  to  be  allocated 
back  to  the  input  error  sources  so  that  the  primary  causes  of  output  error  can  be  easily  identified.  Limitations  on  the  accuracy 
of  statistical  techniques  arise  from  the  linearizations  necessarily  performed  and  lack  of  precise  error-source  characterization. 
Even  so,  such  techniques  are  very  powerful  and  will  tend  to  become  more  so  as  the  ability  to  apply  brute  force  computer 
power  increases. 

Deterministic  simulations  are  time-domain  representations  which  require  multiple  runs  to  produce  output  statistics  by 
Monte  Carlo  techniques.  Such  simulations  can  be  highly  accurate.  They  are  adept  at  handling  nonlinearities  and  complicated 
decision  processes.  The  drawback  for  a  complex  highly-accurate  deterministic  simulation  is  computer  run  time  and  the 
associated  expense.  Again,  mote  and  cheaper  computer  power  works  in  favor  of  the  simulation  user. 

Simulation  Utilization 

As  noted  above,  the  utilization  of  simulation  varies  through  the  concept,  validation,  full-scale  development,  and 
production  phases  of  the  weapon  acquisition  process.  In  the  concept  phase,  the  weapon  models  tend  to  be  simple  and  contain 
many  assumptions.  The  questions  being  addressed  center  around  what  the  weapon  could  be  and  should  be.  The  larger  issues 
of  military  utility,  mission  effectiveness,  and  cost  effectiveness  are  paramount. 

In  the  validation  phase,  after  a  concept  is  selected,  the  focus  shifts.  What  the  weapon  should  be  has  been  decided;  now 
the  issue  is  what  the  weapon  can  be.  The  details  become  more  important.  Simulations  are  used  in  design  trades  of  different 
ways  to  perform  the  weapon's  internal  functions.  Model  accuracies  are  honed  and  improved  as  test  data  become  available. 

The  focus  shifts  again  in  the  full-scale  development  phase.  The  emphasis  changes  from  what  the  weapon  can  be  to 
what  the  weapon  will  be.  HITL  simulation  becomes  increasingly  important  in  both  the  design  process  and  in  support  of 
testing.  One  of  the  largest  single  benefits  of  simulation  in  the  weapon  R&D  process  is  reduction  of  test  costs.  Simulations, 
carefully  validated  against  appropriate  live  test  data,  provide  the  only  cost-effective  means  for  arriving  at  the  performance 
and  limitations  of  today's  tactical  weapons. 

The  remaining  papers  of  this  AGARDograph  (H-ovide  information  on  various  techniques  and  aspects  of  simulation  for 
tactical  weapons. 
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COMPARISON  OF  STATISTICAL  DIGITAL  SIMULATION  METHODS 

by 

Paul  Zarchan 

Principal  Engineer,  Systems,  Design  Laboratory 
Missile  Systems  Division 
Raytheon  Company 
Mail  Stop  M3- 1 3,  Maxell  Road 
Bedford,  Massachusetts  07130,  USA 


ABSTRACT 

This  paper  ooapares  the  various  statistical  digital  slaulatlon  aethods  used  In  the  prelinlnary 
analysis  and  synthesis  of  s  hoalng  alsslle  guidance  aystea.  A  unifying  exaaple  Is  used  to  illustrate  the 
advantages  and  coaputer  costs  of  each  of  the  atethods. 

1.  iMnmitiCTXOH 

In  syntheaizlng  a  hoalng  alsslle  guidance  systea>  the  designer  aust,  aaong  other  things,  place 
specifications  on  the  allowable  aeaaureaent  noise,  deteralne  subsystea  bandwidths  In  order  to  ensure 
adequate  stability  aarglna,  prevent  oonponent  saturation,  and  evaluate  total  aystea  perforaance. U-4) 
budgets  aust  also  be  developed  showing  how  eadi  error  source  contributes  to  perforaance  degradation  so 
that  a  balanced  design  can  be  achieved  and  aystea  drivers  can  be  identified, 

Coaputerlzed  aethods  of  statistical  analysis  can  play  an  Invaluable  role  in  the  missile  guidance 
aystea  design  and  sizing  process. (1-4)  Methods  of  stochastic  analysis  are  very  useful  in  relating  the  effect 
of  statistical  disturbances,  such  as  sensor  noise  and  randoa  target  maneuver,  to  the  overall  perforaance 
of  the  syatea.  Often,  for  alsslle  guidance  system  analysis,  the  overall  measure  of  performance  turns  out 
to  be  the  root  mean  square,  rma,  alas  distance. 

The  purpose  of  this  paper  is  to  compare  various  computerized  statistical  analysis  methods  and  to 
show  how  they  all  can  play  a  role  in  missile  guidance  system  synthesis  and  analysis. 

2.  lannos  or  AMALysis 

Various  methods  of  statistical  analysis  exist  for  both  linear  and  nonlinear  noise  driven  systems. 

The  adjoint  technique  and  covariance  analysis  are  exact  methods  for  linear  analysis  while  the  Monte  Carlo 
approach,  CADKT  and  SLAM  are  approximate  methods  for  nonlinear  analysis.  Below  la  a  brief  description  of 
each  of  the  methods. 

The  adjoint  (S-7)  technique  Is  based  upon  the  system  Impulse  response  and  can  be  used  to  exactly 
analyze  linear,  time-varying  noise  driven  systems  in  one  ooaqputer  run.  Ihis  technique  not  only  provides 
exact  performance  projections  of  any  quantity  at  a  particular  time  but  also  shows  how  each  of  the 
disturbance  terms  (inputs)  contributes  to  the  total  perforaance  projection  (output).  Although  the  adjoint 
technique  has  mainly  been  used  in  missile  guidance  system  design  and  analysis,  its  application  has  much 
broader  potential. 

Covariance  analysis (6-9)  is  another  computerized  technique  that  can  be  used  to  exactly  analyze 
linear,  time  varying  noise  drive,  systems  in  one  computer  run.  With  this  method  the  covariance  matrix  of 
the  system  state  vector  is  propagated  as  a  function  of  tiaw  by  the  direct  integration  of  a  nonlinear 
matrix  differential  equation.  Thus  exact,  total  statistical  performance  projections  of  any  state  as  a 
function  of  time  can  be  obtained.  This  method  of  analysis  is  quite  popular  in  problems  associated  with 
optimal  eatizMtors. 

The  Monte  Carlo  approach is  the  most  general  method  for  obtaining  performance  projections  of 
noise  driven  nonlinear  time-varying  systems.  This  approximate  method  is  based  upon  direct  simulation  and 
consists  of  repeated  simulation  trials  plus  post-processing  of  the  resultant  data  In  order  Lo  do  ei.E»ii>hle 
averaging.  A  large  number  of  simulation  trials  are  often  required  in  order  to  provide  confidence  in  the 
accuracy  of  the  results,  thus  limiting  its  utility  to  that  of  an  evaluation  tool.  However,  because  of  its 
generality  and  ease  of  application,  the  Monte  Carlo  approach  la  probably  the  most  popular  method  for 
nonlinear  statistical  analysis. 

For  many  type  of  nonlinear  systems  the  CADBT  method (^l)can  often  be  useo  as  a  less  expensive 
alternative  to  the  Monte  Carlo  approach  in  order  to  obtain  approximate  performance  projections.  The  CADET 
method  employs  statistical  linearisation  (random  input  describing  function8)(I2-13)in  conjunction  with 
covariance  analysis  to  yield  statistical  performance  projections  in  one  computer  run.  CADET  has  proved 
Itself  to  be  a  useful  and  efficient  tool  in  the  preliminary  evaluation  of  missile  guidance  system 
per  formance  ( 14 ) . 

SUM  is  another  approximate  computerized  technique  that  can  often  be  uaed  in  the  statistical 
analysia  of  nonlinear  systems.  Essentially  SLAM  is  a  combination  of  the  CADET  and  adjoint  techniques.  In 
addition  to  yielding  accurate  statistical  performance  projections,  SLAM  generates  an  approximate  error 
budget  showing  how  each  disturbance  influences  total  system  performance.  SLAM  has  also  been  shown  to  be 
a  useful  tool  in  the  preliminary  analysis  of  missile  guidance  system  performance. 

3.  EXAMPIBB 


In  this  section  each  of  the  methods  of  analysis  is  more  completely  described  and  a  unifying  example 
from  missile  homing  guidance  is  used  to  demonstrate  the  utility  of  each  of  the  techniques. 
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Figure  1.  Block  Diograa  of  Linear/Nonlinear  Hoalng  Loop 


Figure  1  shows  a  slnpllfled  model  of  a  missile  honing  loop  in  which  missile  and  target  motions  are 
normal  to  the  llne-of-slght,  LOS.  The  target  travels  at  constant  velocity  and  its  lateral  acceleration  is 
a  Poisson  jinking  maneuver  (constant  magnitude  maneuver  with  randan  sign  switching).  This  target  maneuver 
process  can  be  modeled  as  white  noise  through  a  single  pole  filter  since  its  autocorrelation  function  is 
identical  to  the  Poisson  process. (16)  The  seeker  measurement  of  the  LOS  rate  is  corrupted  by  white  glint 
noise  and  white  range  independent  (fading)  noise  with  spectral  densities  tgo  and  respectively, 

Proportional  navigation  guidance  converts  the  LOS  rate  estimate, obtained  froai  the  single  pole  noise 
filter,  into  Kceleratlon  comnands  for  the  flight  control  system.  Flight  control  system  dynamics  are  also 
represented  by  a  single  pole  network  in  this  simplified  model.  If  saturation  effects  are  ignored,  the 
model  of  Figure  1  is  a  linear  but  time-varying  system  driven  stochastic  inputs.  If  acceleration 
saturation  effects  are  Included  the  model  beccnes  nonlinear.  The  parameters  for  the  homing  loop  model  are 
identified  In  Table  1. 


TABLE  1. 

NOMINAL  VALUES  OF  ALL  SYSTOi  PARAMETEKS 


NOMINAL  CONDITIONS 

NGMINAL  VALUE 
SPECIFICATIONS 

Seeker  bandwidth, 

20  rad/s 

Noise  filter  bandwidth, 

10  rad/s 

Autopilot-airframe  bandwidth,  '>'3 

10  rad/s 

Target  maneuver  bandwidth,  2V 

0.2s'l 

rms  target  acceleration,  B 

161  ft/s^ 

Closing  velocity,  Vj, 

3000  rt/s 

Effective  navigation  ratio,  N 

3 

Spectral  density  of  glint  noise, 

4 

Spectral  density  of  fading  noise, 

1  X  10*6  rad^/Hz 

Time  of  flight,  tp 

5s 

4.  ADJOINT  TECHNIQUE 

For  every  linear  time-varying  system  there  exists  an  adjoint  system  that  can  be  constructed  from  the 
original  system  (given  In  block  diagram  form)  by  application  of  the  following  rules,  which  are  equivalent 
to  the  mathematical  definition  of  an  adjoint  system  when  the  equations  are  expressed  in  state  space  form: 

(1)  Replace  t  by  tf-t  in  the  arguments  of  all  variable  coefficients  where  tf  is  the  final 
time. 

(2)  Reverse  all  signal  flow,  redefine  branch  points  as  sum  points,  and  vice  versa.  This 
will  make  inputs  of  the  original  system  appear  as  outputs  of  the  adjoint  system  and 
vice  versa. 
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The  inpulse  response  of  the  adjoint  system,  h*,  and  the  inpulse  response  of  the  original  system,  h, 
are  related  by- 

h»  (tf-ti,  tf-tQ)  -  h  (to,  ti)  (1) 

where  tj  Is  the  Impulse  application  time  and  tg  is  the  observation  time.  The  importance  of  this 
relationship  becomes  more  apparent  when  it  is  desired  to  observe  the  values  of  the  impulse  response 
function  of  the  otlgin-i  system  at  the  final  tine,  tf,  due  to  various  impulse  application  times.  This 
means  that  in  order  t^  generate  h  (tf,  tj)  it  becomes  necessary  to  rerun  the  system  response  for  each 
impulse  application  time  as  shown  in  Figure  2a. 

However,  If  the  observation  tine  Is  the  final  time,  only  one  run  Is  required  of  the  adjoint  system, 
since: 

h*  (tf-ti,0)  -  h  (tf,  tj)  (2) 

The  adjoint  Impulse  response  is  identical  to  the  Impulse  response  of  the  original  system  in  every  way, 
except  it  is  generated  backwards.  The  relationship  between  the  two  responses  is  illustrated  in  Figures  2a 
and  2b. 

One  of  the  most  important  features  of  the  Impulse  response  of  the  adjoint  system  is  that  it  can  be 
used  to  statistically  analyze  the  original  system  in  the  presence  of  stochastic  inputs.  The  rms  response 
at  the  terminal  time  of  a  linear  time-varying  system  driven  by  white  noise  is  given  by: 


Ooutftf) 


h2(tf,ti)  dti 


(3) 


where  is  the  spectral  density  of  the  white  noise  input  (assumed  to  be  double-sided  and  stationary)  in 
units  of  Hz  and  Is  the  rms  value  of  the  output.  As  discussed  previously,  the  simulation  of  Equation 

(3)  is  impractical  because  of  the  many  computer  runs  needed  to  generate  h(tf,tj).  However,  by  invoking 
Equation  (2)  we  find  that: 


Figure  2.  tabulae  Remponsem  of  Original  and  Adjoint  Syatama  are  Related 
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/ 

C’out(tf)  -  *ln/  h*  (tf,ti,0)2 

•'o 


-  h*  (T,0)2  dT  - 

‘^f 

Therefore,  the  rms  value  of  the  ouput  of  the  original  system  due  to  a  wh'^e  noise  input  can  be  found  by 
squaring,  integrating,  and  then  taking  the  square  root  of  the  impulse  response  of  the  adjoint  system  in 
only  one  computer  run. 

Using  the  two  rules  given  at  the  beginning  of  this  section,  an  adjoint  model  of  the  homing  guidance 
loop  was  constructed  as  is  shown  in  Figure  3.  According  to  theory,  an  impulse  should  be  applied  to  the 
adjoint  system  at  the  equivalent  location  {x4)  to  where  the  quantity  of  interest  in  the  original  system 
is  output  (y) .  For  simulation  purposes,  an  initial  condition  of  unity  on  x4  rather  than  a  unit  impulse  on 
its  derivative  is  used.  Note  that  the  three  inputs  to  the  original  system  (target  maneuver,  glint  noise, 
and  fading  noise)  become  outputs  in  the  adjoint  system  (miss  sensitivities  due  to  target  maneuver,  glint 
noise,  and  fading  noise).  Since  the  sensitivity  coefficients  of  the  adjoint  system  do  not  depend  on  the 
spectral  density  levels  of  the  error  sources,  the  program  does  not  have  to  be  rerun  if  the  spectral 
density  levels  change.  Superposition  permits  the  calculation  of  the  total  rms  miss  distance  to  be: 


atr 


(4) 


(T,0)^  dT 


Oy(tp) 


■if 


ay2(tp)  I  Tgt  Mvr 


ay^(tp>  I  Glint 


ay^(tp)  1  Fading 


fn 


1*'4 


1/2 


(5) 


The  rms  level  of  the  individual  miss  distance  contributors  along  with  the  total  rms  miss  distance  are 
plotted  vs.  adjoint  time  in  Figure  4  (Adjoint  time  can  be  interpreted  here  as  either  ttme-of-flight  or 
time-to-go  at  wtiich  disturbances  occur).  Note  that  for  this  system  the  major  contributor  to  the  miss 
distance  is  glint  noise.  At  minimal  extra  expense,  other  disturbance  sensitivities  can  also  be  obtained 
in  order  to  further  quantify  system  behavior.  For  example,  in  Figure  5,  the  miss  distance  sensitivity  due 
to  a  step  in  target  acceleration  (xlO)  is  plotted  against  adjoint  time.  Figure  5  indicates  that  the 


Figure  3.  M joint  Model  of  Linear  Roaing  Loop 
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Figure  4.  RMS  Miaa  Olatance  Error  Budget 
la  Automatically  Ganaratad  by 
Adjoint  Mathod 


Figure  5.  Adjoint  Providea  Information  on  Performance 
Senaitivity  Due  to  Target  Maneuver 


optimal  time  for  the  target  to  maneuver  (to  maximize  miss  distance)  is  about  0.6s  before  intercept.  It  is 
also  apparent  from  this  curve  that  if  the  target  maneuvers  too  soon  (adjoint  time  large),  the  resulting 
miss  distance  will  be  small.  In  a  well  designed  missile  guidance  system,  the  miss  distance  sensitivity 
curve  for  a  step  in  target  acceleration  always  approaches  zero  as  adjoint  time  approaches  Infinity.  Tae 
amount  of  adjoint  time  it  takes  for  this  curve  to  settle  down  is  directly  related  to  the  overall  guidance 
system  time  constant.  Therefore,  it  can  be  seen  that  a  great  deal  of  information  concerning  system 
performance  and  behavior  is  available  from  one  adjoint  solution. 

S.  COVARIANCE  ANALYSIS 


The  dynamics  of  a  linear  time-varying  stochastic  system  can  be  represented  by  the  following  first- 
order  vector  differential  equation: 

x«F(t)x(t>+u(t>  (6) 

where  x(t)  is  the  syscem  state  vector  and  u(t)  is  a  white  noise  vector  with  spectral  density  matrix,  (J(t). 
The  differential  equation  for  the  propagation  of  the  covariances  18(8,9) 

*  -  P(t)X  +  XpT(t)  +  Q(t)  (7) 

The  diagonal  elements  of  x(t)  represent  the  laean  square  values  of  the  state  variables  because  all  random 
quantities  are  assumed  to  have  zero  mean  in  this  paper.  The  off-diagonal  elements  represent  the  degree  of 
correlation  between  the  various  state  variables.  Therefore,  the  integration  of  Equation  (7)  represents 
another  direct  method  of  analyzing  the  statistical  properties  of  x(t)  in  one  computer  run. 

The  usefulness  of  covariance  anaxysis  is  easily  demonstrated  by  again  considering  the  linear  homing 
guidance  loop  of  Figure  1.  The  system  equation  in  matrix  form  can  be  expressed  as: 
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where  P  is  the  seelcer  dish  angle  and  t^^  is  the  tloe-to-go  (t^-t). 
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Integration  of  the  covariance  propagation  equation  (Equation  (7))  yields  the  state  covariances,  X(t), 
where  P(t)  is  defined  in  Equation  (B)  and  Q(t),  whi^  can  be  found  froa  Equation  (8),  is  given  by; 


Q(t) 


4vB^ 

0 

0 

0 


ui?  I4 


0 

0 

0 

^sn 


"1  I'*"'  Vc2(tp-t)2 


i)Jo2 


♦fn+ 


Vc^ (tp-t) 2 


j*fn+ 

<d^2 

[♦fn- 

Vc2(tp-t)2 

0 


(9) 


Figure  6,  which  vas  obtained  by  integrating  Equation  (7) ,  is  the  raa  relative  separation  between  the 
Bissile  and  target,  X(3,3)  as  a  function  of  tine.  At  the  end  of  flight,  the  value  of  this  quantity  is  the 
ras  Bias  distance: 


raa  aias  distance  •  /  X(3,3)  |  (10) 

Of  course,  the  values  of  the  aiss  distances  resulting  froa  the  adjoint  technique  and  covariance  analysis 
are  identical.  In  covariance  analysis,  ras  aiss  distance  and  statistical  inforaatlon  concerning  all  the 
states,  such  as  ras  acceleration  shown  in  Figure  7,  are  also  available  so  that  it  is  also  possible  to 
validate  the  assuaption  concerning  systea  linearity  (i.e.,  no  acceleration  saturation). 


6.  KERB  CUtU)  AFPROACB 


The  Monte  Carlo  approach  can  be  used  for  the  statistical  analysis  of  either  tiae-varying  linear  or 
nonlinear  ayateaa  driven  by  white  noise.  The  aethod  is  based  upon  direct  siaulation  of  the  systea  under 
consideration.  Post  processing  of  the  data  la  required  Isecause  many  ccaiputer  runs  are  needed  in  order  to 
obtain  statistical  perforaance  projections.  Usually  Gaussian  randoa  nuiUser  generators  are  used  to 
approxiaate  white  noise  according  to: 


0 


Figure  (.  Covariance  Analysis  Provides 
EMB  Trajectory  Profile 


TIME  (tec) 

Figure  7.  Covatlanoe  Analysis  Provides 
ne  Acceleration  Profile 
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where  a  la  the  standard  deviation  of  the  Gaussian  distribution,  t  is  the  power  spectral  density  of  the 
white  noise  in  units  of  Hz,  and  H  is  the  ounputer  integration  interval  (tine  spacing  between  random  number 
calls) .  The  nlss  distance  standard  deviation  is  calculated  from: 


°MISS 


(yi(ty)-y(tp))^ 


H-1 


(12) 


v^ere 


y(tp) 


N 

z 

1-1 


ViiV 

~i5 


(13) 


where  N  represents  the  number  of  computer  tuns  in  the  Honte  Carlo  sample  size  and  y^itp)  is  the  miss 
distance  from  the  i^^  run.  The  Monte  Carlo  derived  standard  deviation  is  approximate  and  has  its  own 
statistics  since  it's  based  upon  a  finite  number  of  runs.  Therefore,  the  Monte  Carlo  estimate  must  be 
discussed  in  a  probabilistic  sense.  This  is  usually  accomplished  by  expressing  our  confidence  in  that 
estimate.  For  example,  if  statistics  are  Gaussian  distributed,  confidence  Intervals  can  be  calculated  and 
are  shown  in  Figure  8.  The  figure  shows  that  If  a  50  run  Monte  Carlo  sample  size  produced  a  unity 
standard  deviation  estimate,  there  would  be  95%  confidence  that  the  actual  standard  deviation  was  between 
.85  and  1.28.  Increasing  the  sample  size  to  200  runs  reduces  the  uncertainty,  giving  us  95%  confidence 
that  the  actual  standard  deviation  lies  between  .91  and  1.12. 

The  homing  loop  of  Figure  I,  with  the  switch  in  the  nonlinear  mode,  was  simulated  with  a  200  run 
Monte  Carlo  sample  size.  A  brief  study  was  conducted  In  which  the  missile  acceleration  limit  was  made  a 
parameter.  Figure  9  shows  the  results  of  the  study  along  with  the  95%  confidence  Intervals.  Here  we  can 
see  that  the  acceleration  limit  has  a  profound  Influence  on  miss  distance,  and  only  when  the  acceleration 
limit  is  large  do  the  results  approach  that  of  the  linear  analysis.  The  95%  confidence  limits  also 
indicate  that  the  answers  have  a  large  degree  of  uncertainty  even  though  a  large  number  of  computer  runs 
were  made. 


Figure  8.  Theoretical  Confidence  Intervals  for  Gauasian  Distributed  Randcai  Variable 
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7,  STATISTICAL  LIMBARISATiaH 


A  useful  tool  in  analyzing  nonlinear  systens  having  tandon  inputs  is  the  nethod  of  statistical 
linearization.  Nith  this  technique,  the  nonlinear  eleswnt  is  replaced  by  an  equivalent  gain,  where  the 
gain  depends  upon  the  assumed  form  of  the  input  signal  to  the  nonlinearity.  Bootoni 12) developed  a  simple 
technique,  which  will  be  shown  later,  for  finding  the  equivalent  gain.  Consider  a  nonlinear  system  with 
input  x(t)  and  output  y(t),  in  which  we  would  like  to  replace  the  nonlinear  element  with  some  equivalent 
gain  K^q.  the  error  signal,  e(tl,  is  defined  as  the  difference  between  y(t)  and  the  equivalent  gain 
output.  If  x(t)  is  a  zero-mean  randosi  process,  we  can  find  A^q  by  first  computing  the  mean-square  value 
of  the  error  signal  e(t). 


-2-2  —  2  -2 
e  -  y  -  2Kgq  xy  +  K^q  x 


(U) 


-2 

He  can  find  the  minimum  value  of  e  by  setting  its  derivative  equal  to  zero  yielding; 


Aeq  ■  *Y/x^ 


f 

''—to 


xyp(x) 


x^plxidx 


(15) 


If  the  input  signal,  x(t),  is  a  zero-mean  Gaussian  random  process  with  the  following  probability 
density  function. 


p{x)  -  (lA7x  e”*  '20,52 

where  0„  is  the  rms  value  of  x(t),  then  the  equivalent  gain  becomes 

1 


"eq  3  . — _ 


J  xye"*^  '^^x 


(16) 


(17) 


Input-sensitive  gains  of  this  type,  which  approximate  the  transfer  characteristics  of  the  nonlinearity, 
are  termed  random  input  describing  functions  and  are  tabulated  for  the  most  Important  nonlinearities  in 
Reference  (13).  Statistical  linearization  may  be  demonstrated  by  calculating  the  describing  function  for 


Figure  10.  Input-Output  Characteristics  of  a  Limiter 
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The  describing  function,  as  calculated  frca  Equation  (17)  beccnes: 

-li«  , 

«eq  -  -3-=  /  Ox 

Ox  /  a  -L 

1  /-li*  •)  ,  Urn  ^  ,  , 

+  -3-—  /  x2e-*^  dx  t  3-—  /  Xe-x^/a^x  Ox 

iii«  oii,rzr  •'a. 


Evaluation  of  the  preceding  integral  leads  to> 


1  li" 

— r  e-x^  /aj^ 

Cx  v'  ZI  -i-ii* 


Equation  (19)  can  be  rewritten  in  terms  of  the  prr^bility  integral  as: 

r  1  li»  1 


«eq  -  2 


-4=  f 

Ox  /  »  -U 


e~x^  /3o^  -1 


The  preceding  integral  can  be  found  by  table  lookup  or  can  be  approximated  to  five-place  accuracy 

(18)  by. 

Keq  -  1  -  (2//~W  )e-ll*^/2j2 

,  ,  (21) 
X  (0.436183&)  -  0.120167fc)2  +  0.937298t)2) 


1  +  (0.33267  X  liml/Ox 

The  describing  function  for  the  limiter  depends,  as  one  would  expect,  only  on  the  value  of  the  limit,  lim, 
and  the  rms  value  of  the  input  signal,  ^inO  1^  displayed  in  Figure  11. 
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8.  CWBT  MBTBOO 


The  Covariance  Analysis  Describin9  Function  Technique  (CADET)  is  an  approximate  computerized 
technique  for  analyzing  the  statistical  behavior  of  nonlinear  stochastic  systems.  Basically  CADET 
ccad>lnea  randcn  input  describing  function  analysis  with  ordnary  covariance  analysis.  The  describing 
functions  are  derived  based  upon  the  Gaussian  assumption.  Although  at  first  this  assumption  appears  to  be 
very  restrictive,  it  is  not  because  most  dynamical  systems  contain  more  linear  them  nonlinear  elements. 

The  low-pass  filtering  in  these  systems  insures  that  non-Gaussian  nonlinearity  outputs  result  in  nearly 
Gaussiw  inputs,  as  signals  circulate  in  the  system  of  Interest.  The  principal  steps  to  be  followed  in 
the  application  of  the  CADET  method  to  missile  guidance  systems  are: 

1)  Replace  each  nonlinear  element  by  its  corresponding  random  input  describing  function 
gain,  based  upon  an  assumed  Gaussian  probability  density  function  for  the  input  to  the 
nonlinearity. 

2)  Using  the  resulting  linear  system  model,  employ  conventional  covariance  analysis 
techniques  to  propagate  the  statistics  of  the  system  state  vector,  recognizing  that  the 
describing  function  gains  are  functions  of  those  statistics. 

3)  Compute  the  rms  miss  distance  at  the  intercept  time  from  the  elements  of  the  system 
covariance  matrix. 


The  CADET  method  may  be  demonstrated  by  once  again  considering  the  example  of  Figure  1  in  the 
nonlinear  mode  (with  saturation) .  The  acceleration  saturation  nonlinearity  is  first  replaced  by  a  random 
input  describing  function,  linearized  system  equation  then  becomes: 
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Equation  (7)  is  then  integrated  to  find  X(t)  where  Q  is  still  given  by  Equation  (9)  and  F  is  obtained  from 
Equation  (23)  . 

The  describing  function  gain  for  the  limiter  (derived  in  the  previous  section)  is  a  function  of  the 
statistics  of  the  unlimited  commanded  acceleration,  n^  and  the  limit  level,  and  can  be  computed 

from  Equations  (21)  and  (22).  The  rms  level  of  the  input  signal  to  the  nonlinearity  is  calculated  by 
first  expressing  the  unlimited  commanded  acceleration  n^  as  a  function  of  the  states.  The  mean-square 
value  then  becomes: 


=  (N'V<-)2x(5,5)  (24) 

A  CADET  program  was  constructed  for  the  system  of  Figure  1  using  the  input  values  of  Table  1.  Cases 
were  cun  in  which  the  missile  acceleration  limit,  was  treated  as  a  parameter  (as  was  done  with  the 

Monte  Carlo  analysis)  and  the  results  of  this  study  are  shown  in  Figure  12.  Only  six  CADET  runs  were 


Plgute  12.  Aoomlmcmtlon  Limit  Study 
Otilising  CAOR  Approach 
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needed  to  generate  these  results.  Superimposed  on  these  figures  are  the  previous  results  generated  using 
the  Monte  Carlo  method  with  a  sample  size  consisting  of  200  runs.  It  can  be  seen  frcm  this  example  that 
CADET  Is  extremely  accurate.  Reference  14  also  obtains  results  Indicating  CADET  accuracy  to  be  equivalent 
to  Monte  Carlo  sets  consisting  of  hundreds  of  flights. 

9.  SUM 

The  Statistical  Linearization  Adjoint  Method  (SUM)  Is  also  an  approximate  ccnputerlzed  technique 
for  the  complete  statistical  analysis  of  noise  driven  nonlinear  systems. 

Basically  this  technique  uses  the  CADET  method  in  conjunction  with  the  adjoint  technique.  The 
principal  steps  in  SLAM  are: 

1)  Replace  each  nonlinear  element  in  the  original  system  by  its  corresponding  random  Input 
describing  function  gain,  baaed  upon  an  assumed  Gaussian  probability  density  function 
for  the  Input  to  the  nonlinearity. 

2)  Using  the  resulting  linear  system  model,  employ  conventional  covariance  analysis 
techniques  to  propagate  the  statistics  of  the  system  state  vector. 

3)  Store  the  resulting  describing  function  gains  for  each  nonlinearity  as  a  function  of 
time. 

4)  Generate  an  adjoint  model  of  the  linearized  system  model  by  replacing  t  by  tp-t  in  the 
arguments  of  all  variable  coefficients  (including  describing  function  gains)  and 
reversing  signal  flow  so  that  the  Inputs  of  the  original  system  will  appear  as  outputs 
of  the  adjoint  aystem. 

5)  Propagate  the  aystem  in  adjoint  time. 

The  SLAM  system  will  not  only  yield  the  identical  rms  miss  distance  to  that  of  the  CADET  system,  but 
will  also  show  how  the  Individual  error  disturbances  contribute  to  the  total  rms  miss  distance.  This 
error  budget  is  approximate  and,  strictly  speaking,  is  valid  only  for  the  case  for  which  the 
describing  function  gain  time  history  is  valid.  Therefore,  it  la  not  safe  to  extrapolate  the  results  to 
obtain  estimates  of  miss  distance  for  different  error  source  input  levels.  However,  this  type  of  error 
disturbance  breakdown  is  extremely  useful  in  that  it  flags  the  major  contributors  to  the  total  rms  miss 
distance  in  the  nonlinear  system.  This  error  budget  is  no  less  accurate  but  a  lot  less  expensive  than  one 
generated  by  the  brute  force  method  when  Monte  Carlo  or  CADET  techniques  are  used.  The  brute  force  method 
implies  that  runs  must  be  generated  with  only  one  error  source  at  a  time.  The  total  rms  miss  distance  can 
then  be  calculated  by  appropriately  combining  the  miss  contributions  from  each  error  source.  In  nonlinear 
systems,  the  total  rms  miss  (obtained  from  running  all  error  inputs  at  once)  does  not  necessarily  equal  the 
appropriate  combination  of  the  individual  error  sources. 

Sensitivity  functions  (i.e.,  ssnsitivity  due  to  a  step-target  maneuver),  can  also  be  printed  out  at 
no  extra  cost  in  order  to  get  an  indication  of  system  behavior,  i.e.,  relative  stability.  Again  strictly 
speaking,  these  sensitivity  functions  have  no  meaning  in  the  sense  that  miss  distances  can  be  calculated 
from  them.  However,  since  these  sensitivity  functions,  such  as  the  sensitivity  due  to  a  step  target 
maneuver,  represent  the  Impulse  response  of  the  system,  valuable  Insight  Into  system  behavior  can  be 
gained  by  monitoring  this  output. 

The  SLAM  concept  is  also  useful  In  that  it  has  a  self-checking  capability.  That  is,  if  the  rms  miss 
distance  of  t)ie  adjoint  portion  of  the  program  does  not  agree  with  the  rms  miss  distance  of  the  CADET 
portion,  it  is  known  that  either  a  programming  or  conceptual  error  exists  within  the  progreuz.  Of  course, 
with  Ingenuity,  it  Is  still  possible  for  the  user  to  make  undetected  errors,  but  the  SLAM  concept 
considerably  reduces  this  possibility. 

As  a  demonstration  of  the  utility  of  SLAM,  the  nonlinear  stochastic  guidance  system  of  Figure  1  is 
again  reconsidered.  A  CADET  portion  of  the  SLAM  program  is  first  generated  using  the  inputs  of  Table  1. 

The  CADET  portion  of  the  program  is  run  in  order  to  find  the  time  history  of  the  describing  function, 

Klim-  SLAM  program  then  reverses,  in  time,  this  describing  function  (replace  t  by  tp-t)  yielding 

*lim*-  rmvmtmed  describing  function  gain,  Rn**,  is  then  entered  into  a  linearized  adjoint  model  of 

the  original  nonlinear  system,  as  shown  in  Figure  13.  The  adjoint  portion  of  the  SLAM  program  Is  then  run 
in  order  to  generate  an  approximate  error  budget  for  the  nonlinear  system. 

A  program  utilizing  the  SLAM  technique  was  run  with  the  acceleration  limit,  nii„,  as  a  parameter. 

The  describing  function  gains,  resulting  from  the  CADET  portion  of  the  program,  are  shown  for  typical 
values  of  nngi  in  Figure  14.  As  theory  predicts,  the  gains  are  unity  when  no  saturation  Is  taking  place, 
and  they  decrease  in  value  as  the  saturation  becomes  deeper. 

The  total  rms  miss  distance  error  budget  obtained  from  SLAM  as  a  function  of  the  missile 
acceleration  limit  is  plotted  in  Figure  IS.  Note  that  the  total  rms  miss  distance  for  each  of  the 
acceleration  limits  corresponds  exactly  to  the  results  of  the  CADET  program  (see  Figure  12) .  This  must  be 
true  if  no  prograaslng  or  conceptual  errors  have  been  made  in  IztplesMntlng  SLAM.  The  error  budget  tells 
us  that  when  the  system  is  only  slightly  in  saturation  (nj^j^a  ■  60g) ,  the  major  contributor  to  the  total 
rms  miss  distance  is  glint  noise  (see  Figure  4  for  confirmation) .  As  saturation  Increases  (n;^^, 
decreases) ,  the  major  contributor  to  the  total  rms  miss  distance  quickly  becomes  the  random  target 
maneuver  disturbance.  On  the  other  hand,  the  contributions  to  the  miss  from  fading  and  glint  noise 
slightly  decrease  as  saturation  increases,  in  this  case,  saturation  acts  as  additional  filtering  and  thus 
the  result  is  not  surprising.  This  type  of  error  disturbance  breakdown  provided  by  SLAM  can  be  extremely 
useful  to  the  guidance  system  designer  in  developing  a  balanced  system. 

Finally,  Figure  16  is  a  plot  of  the  sensitivity  function  due  to  a  step-target  maneuver.  Although 
this  sensitivity  function  cannot  be  used  in  calculating  the  miss  distance  due  to  a  step-target  maneuver, 
it  can  be  used  in  gaining  insight  into  system  behavior.  Mathematically,  it  is  useful  because  it 
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Figure  13.  SLMI  Model  of  Nonlinear  Baaing  Loop 
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Figure  IS.  Acceleration  Limit  Study  Otiliaing  SUM  Approach 


Figure  16.  SLAM  Provides  Inforaation  on 
Performance  Sensitivity  Due  to  Target  Maneuver 


represents  the  impulse  response  of  the  quasi-linearized  system.  Figure  16  shows  that  in  the  linear  case 
(niigWB)  >  the  curve  peaks  and  then  quickly  a^roaches  zero  (see  also  Figure  5) .  This  should  be  the  case 
in  a  well-designed  missile  guidance  system  employing  proportional  navigation.  That  Is,  a  target  maneuver 
occurring  at  long  times-to-go  (at  least  ten  guidance  tine  oonstants)  should  not  contribute  to  the  miss 
distance.  However,  as  can  be  seen  from  Figure  16,  the  introduction  of  an  acceleration  limit  causes  the 
miss  distance  sensitivity  to  approach  asymptotic  values  other  than  zero  (this  is  common  in  proportional 
navigation  systems  which  are  using  too  small  a  value  for  the  effective  navigation  ratio).  For  acceleration 
limits  even  less  than  shown  in  Figure  16,  the  sensitivity  function  would  Increase  mon'otonlcally .  Although, 
strictly  speaking,  this  is  not  an  unstable  system,  it  is  a  system  that  cannot  guide  effectively  on  maneuver¬ 
ing  targets.  This  type  of  information  is  also  valuable  to  the  guidance  system  designer. 
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10.  gOkUIATIVB  OCMPAKISOH 

The  decialon  concerning  vhich  of  the  coaputerized  aethods  of  statistical  analysis  to  use  Is  a 
function  of  the  systea  under  oonsideration  and  inforaation  desired  froa  the  analysis.  At  tiaes  it  may 
even  be  advantageous  to  use  several  of  the  aethods  In  order  to  check  the  results  and  gain  more  insight 
into  all  aspects  of  the  problem. 

The  Monte  Carlo  method  is  the  most  general  and  easiest  to  apply  of  all  the  available  techniques. 

Its  application  regt'-es  only  the  addition  of  randoa  number  generators  and  a  post-processing  routine  to  a 
simulation  of  the  system  equations.  The  systea  equations  can  often  be  written  by  inspection  of  a  block 
diagram  of  the  systea.  The  adjoint  technique  is  nearly  as  easy  to  ii^leaent  as  the  Monte  Carlo  method 
since  adjoint  equations  can  be  written  by  inspection  of  a  modified  block  diagram  of  the  systea.  The 
modified  dieigrsa  can  be  obtained  froa  the  original  block  diagram  of  the  system  by  the  use  of  tracing  paper 
and  a  few  simple  rulesO).  On  the  other  hand,  covariance  analysis  is  more  difficult  to  implement,  since 
the  systMi  equation  must  first  be  expressed  in  state  space  form.  Extreme  care  aust  be  taken  in  systems 
containing  both  analog  and  digital  sections.  Both  the  CADET  and  SLAM  techniques  are  best  suited  to 
problems  idiich  are  essentially  linear  except  for  the  inclusion  of  specific  nonlinearities  such  as 
saturations,  dead  zone,  etc.  Both  techniques  are  more  difficult  than  the  Monte  Carlo  method  to  implement 
and  about  the  same  order  of  difficulty  as  covariance  analysis. 

Bach  of  the  methods  of  statistical  analysis  is  vastly  different  in  terms  of  computer  running  time. 
Cost  is  proportional  to  the  number  of  differential  equations  needed  to  describe  systems  behavior  (number 
of  integrations)  and  the  number  of  computer  runs  needed  to  perform  a  statistical  analysis.  The  Monte 
Carlo  method,  unlike  the  other  methods,  requires  that  many  computer  runs  be  made  in  order  to  perform  an 
accurate  statistical  analysis.  For  linear  systems  analysis,  both  the  adjoint  and  covariance  methods  of 
analysis  are  exact.  For  an  *n  state  system*  the  adjoint  technique  requires  the  integration  of  n 
differential  equations,  whereas  covariance  analysis  requires  the  integration  of  n^  differential  equations. 
For  nonlinear  systems  analysis  there  are  no  exact  methods  of  statistical  analysis.  It  has  been  shown  that 
CADET  and  SLAM  accuracy  is  comparable  to  that  of  hundreds  of  Monte  Carlo  runs. (11, 14, IS)  For  an  'n  state 
system*  CADET  requires  the  integration  of  n^  equations,  whereas  SLAM  requires  the  integration  of  -*■  n 
equations.  With  cost  defined  as 


COST  •  Number  of  Equations  X  Number  of  Runs  (25) 

the  methods  of  statistical  analysis  can  be  compared  to  each  other.  Figures  17  and  18  compare  the  appro¬ 
priate  methods  of  analysis  for  linear  and  nonlinear  systems.  It  can  be  seen  that  for  high  order  systems 
the  cost  of  either  covariance  analysis,  CADET  or  SLAM  can  exceed  that  of  Monte  Carlo. 

11.  sntiAinr 

The  various  methods  of  computerized  statistical  analysis  have  been  compared  both  quantitatively  and 
qualitatively.  It  is  shown  that  for  linear  systea  analysis  the  method  of  adjoints  and  covariance  analysis 
can  be  used  to  provide  exact  performance  projections.  For  nonlinear  systems  analysis  the  CADET  and  SLAM 
aethods  can  often  be  used  as  efficient  alternatives  to  the  Monte  Carlo  method. 


Figure  17.  Ooet  Camper laon  for  Linear  Systems 
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Figure  18.  Coet  Coaparlson  for  Nonlinear  Syeteae 
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SUMMARY 

This  paper  describes  the  essential  features  of  a  generic  simulation  of  an 
active  radio  frequency  (RF)  air-to-air  missile  seeker.  The  concept  of  generic 
simulations  is  supported  by  the  need  for  a  common  test-bed  of  system  models  and 
simulation  technology  capable  of  supporting  advanced  seeker  development  programs.  An 
extensive  library  of  target,  environment,  and  RF  seeker  models  has  been  incorporated 
within  a  modular  program  structure  featuring  a  tri-level  hierarchy  of  program  control 
that  allows  the  selective  management  of  program  options  for  specifying  the  fidelity  and 
functional  implementation  of  models  used  at  the  component,  subsystem,  and  system 
levels.  The  Generic  Seeker  Simulation  offers  considerable  flexibility  for  simulating  a 
broad  range  of  RF  seeker  configurations  and  has  a  significant  potential  for  supporting 
the  evaluation  of  competitive  designs  and  advanced  seeker  technologies. 


1.  IMTRODOCTIOII 

The  existing  U.S.  Department  of  Defense  (DoD)  acquisition  cycle  for  current 
technology  complex  weapon  systems  generally  requires  nearly  a  decade  of  planning, 
evaluation,  and  refinement  in  order  to  transform  a  viable  concept  into  a  producible 
weapon  system  within  the  DoD  inventory.  The  "preproduction/deployment"  portion  of  the 
acquisition  cycle  includes  such  activities  as:  concept  feasibility  studies,  technology 
assessments,  concept  evaluation  and  trade-off  studies,  initial  design  and  hardware 
demonstration  efforts,  advanced  system  development  and  testing,  and  finally,  the 
engineering  development  aspects.  During  this  time,  several  competing  concepts  may  be 
under  consideration  concurrently  and  these  concepts  are  subject  to  changes  in 
technology,  design,  and  implementation.  This  is  especially  true  prior  to  the 
configuration  management  emphasis  associated  with  the  full-scale  development  (FSD) 
phase  of  a  program.  During  FSD  the  need  for  evaluation  shifts  its  attention  to 
engineering  change  proposals  which  may  arise  and  to  demonstrated  system  readiness  in 
terms  of  performance  and  producibility/supportability . 

Computer  simulation  has  been  demonstrated  and  accepted  as  a  major  resource  for 
weapon  system  evaluation.  It  offers  a  cost  and  time  effective  method  of  analyzing 
these  complex  systems  at  the  detailed  component,  subsystem,  and  system  levels.  The 
flexibility  of  digital  computer  simulation,  its  Inherent  lack  of  support  requirements, 
the  degree  of  user  control,  and  the  insight  provided  into  complex-interrelated  aspects 
of  modern  weapon  systems  operating  in  realistic  tactical  environments  have  strongly 
promoted  the  role  of  computer  simulation  in  virtually  all  recent  weapon  development 
programs.  This  emphasis  on  computer  simulation  has  produced  a  conglomeration  of 
simulation  models  with  varying  degrees  of  commonality.  While  the  need  for  a  common 
test-bed  of  target  and  environment  models  is  apparent  for  the  evaluation  of  competing 
concepts,  it  may  also  be  desirable  to  provide  a  uniform  framework  for  the  evaluation  of 
related  concepts  by  multiple  analysts.  Such  a  framework  would  serve  to  minimize  the 
dissimilarities  in  simulation  approaches,  fostered  by  independent  simulation 
developments,  that  discourage  the  exchange  of  modeling  information  and  the  correlation 
of  test  results. 

An  equally  important  problem  with  computer  simulation  development  is  that  the 
time  required  to  develop  a  model  of  sufficiently  high  fidelity  is  often  a  significant 
portion  of  the  allotted  evaluation  period,  especially  for  the  shorter  concept 
development  phases  of  a  program.  It  is  not  uncommon  for  model  development  activities 
and  operational  simulations  to  become  available  as  many  of  the  critical  trade-off 
studies  and  evaluations  are  nearing  completion.  These  common  problems  associated  with 
computer  simulation  effectiveness  in  meeting  the  needs  of  concept  evaluations  for 
weapons  systems  have  motivated  the  development  of  "generic”  simulations.  The  generic 
simulation,  by  providing  an  extensive  framework  of  verified  models  within  a  clearly 
defined  program  structure  representative  of  the  general  class  of  weapon  system  being 
evaluated,  can  alleviate  the  major  shortcomings  of  commonality  and  simulation 
development  time  suffered  by  less  structured  simulaLiun  approaches. 

In  PY80  the  Air  Force  Armament  Laboratory  recognized  the  need  for  a  generic 
air-to-air  missile  seeker  simulation  capability  to  support  its  Validation  Phase, 
Advanced  Medium-Range  Air-to-Alr  Missile  (AMRAAM)  program  responsibilities  and  future 
Air  Force  air-to-air  seeker  technology  programs.  A  two-year  contract  was  initiated 
with  Dynetics,  Inc.  to  formulate  a  methodology  and  develop  a  simulation  structure  with 
RF  missile  seeker  representation  being  the  design  goal. 
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The  methodology  study  adopted  two  primary  objectives,  namely:  1)  the  model 
fidelity  must  be  sufficient  to  maintain  the  integrity  of  simulation  results,  and  2)  the 
simulation  must  have  '■he  required  flexibility  to  be  quickly  and  easily  reconfigured  to 
meet  a  broad  range  of  simulation  needs.  Specifically,  it  was  necessary  to  produce  a 
highly  modular  form’^t  wherein  components  could  be  interchanged  and/or  modified  to 
closely  represent  the  configuration  details  of  interest.  Likewise,  at  the  subsystem 
level,  the  simulation  must  be  reconf iguruble  to  simulate  the  diversity  in  RF  seeker 
design  concepts.  In  order  to  produce  a  truly  usable  simulation,  strong  emphasis  was 
also  placed  on  user-friendly  software  (SW)  design  features  and  a  program  construction 
approach  that  would  cause  the  simulation  to  manage  only  the  executable  code  required  to 
support  the  simulation  run.  These  additional  features  are  imbedded  into  a 
sophisticated  executive  controller  which  serves  as  the  user  interface  SW  and  is 
responsible  for  the  simulation  flexibility. 

From  the  engineering  viewpoint,  the  modeling  approach  focused  on  1)  transient 
analysis,  2)  functional  representation,  3)  transfer  functions,  and  4)  state  variable 
techniques.  This  combination  of  digital  modeling  techniques  provides  a  sufficient 
range  of  options  to  achieve  the  desired  model  fidelity  and  allowable  execution  time 
best  suited  to  user  needs.  The  basic  structure  of  the  simulation,  as  shown  in 
Figure  1,  consists  of  the  target/scenario;  environment,  clutter,  and  electronic 
countermeasures  (ECM) ;  signal  processor;  data  processor;  head  control;  and 
missile/guidance  models.  For  each  of  these  major  program  areas,  considerable 
flexibility  is  provided  the  user  in  specifying  the  seeker  configuration  to  be 
simulated. 


Figure  1.  Simplified  Block  Diagram 


In  FY83  Dynetics,  Inc.  contracted  with  the  Air  Force  Armament  Laboratory  to 
perform  a  four-phase  technical  program  directed  at  continuing  the  development  of  the 
generic  air-to-air  missile  seeker  simulation.  The  first  two  phases  of  this  effort  have 
been  successfully  completed  and  entailed  extensive  simulation  upgrades  to  accommodate 
additional  operational  modes  and  capabilities.  Mote  importantly,  during  the  second 
program  phase  a  fully  operatic,  al  pulse-to-pulse  model  of  a  passive  RF  seeker  was 
integrated  within  the  existing  framework  of  the  active  RF  seeker  simulation  and 
interfaces  established  to  simulate  active/passive  multimode  guidance.  Current  program 
activities  are  directed  toward  upgrading  environmental  models  for  both  the  active  and 
passive  seeker  simulations,  and  toward  simulating  a  multitarget  environment.  During 
program  phase  four  the  missile  models  will  be  upgraded  with  additional  guidance  laws 
and  a  six-degree-of-f reedom  (6-DOF)  airframe  model. 

This  paper  presents  a  overview  of  the  genetic  air-to-air  missile  simulation  to 
include  descriptions  of  the  program  structure  and  the  user  operation  and  control 
features.  The  simulation  description  given  <n  the  following  section  pertains  only  to 
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those  active-  seeker  models  completed  during  the  first  program  phase.  However,  the 
explanations  of  program  structure  and  user  control  in  Sections  3  and  4  are  applicable 
to  all  simulation  development,  up  to  and  including  the  current  program  phase,  and  will 
remain  the  foundation  for  the  continued  development  of  the  generic  air-to-air  missile 
seeker  simulation. 

2.  SIMDIATIOW  DESCRIPTION 

The  Generic  Seeker  Simulation  is  a  closed-loop,  time-based  simulation  of  an 
air-to-air  missile  featuring  an  active  RF  guidance  system.  The  simulation  is  capable 
of  performing  simulated  engagements  against  a  single  target  through  both  inertial 
midcourse  guidance  and  active  RF  terminal  guidance  phases.  The  general  class  of  active 
RF  seekers  modeled  is  that  of  a  two-  or  three-channel  monopulse  radar  capable  of 
tracking  the  target  in  range,  angle,  and  Doppler.  Target  search,  acquisition,  and 
track  may  be  performed  by  the  active  seeker  against  a  maneuvering  target  in  a  simulated 
environment  containing  ground  clutter  and  ECM.  The  capability  also  exists  for  the 
seeker  to  perform  home-on- jam  (HOJ)  tracking  against  a  self-screening  jammer.  The 
simulation  has  been  designed  such  that  the  user  may  implement  a  variety  of  active 
seeker  configurations  and  specify  the  sequence  and  transition  criteria  of  the  seeker 
operational  modes.  Five  different  operational  modes  pertaining  to  active  seeker 
operation  are  currently  modeled: 

MODE  #  MODE 

1  Inertial  Guidance 

2  Active  Search  and  Acquisition 

3  Active  Track 

4  HOJ 

5  Active  Reacquisition 

During  the  inertial  guidance  mode,  the  missile  is  guided  toward  a  designated 
target  position  based  on  the  assumption  that  target  handover  information  is  available 
from  the  launch  aircraft  and  that  periodic  updates  to  the  inertial  navigation  system 
(INS)  are  received  via  data  link.  The  search  and  acquisition  mode  models  the  portion 
of  the  flight  when  missile  guidance  is  still  driven  by  the  INS  estimates,  but  the 
seeker  actively  attempts  to  acquire  the  target  by  searching  in  range,  angle,  and 
Doppler.  Successful  target  acquisition  results  in  a  transition  to  the  active  track 
mode  where  missile  guidance  commands  are  provided  from  seeker  measurements  of  closing 
velocity  and  line-of-sight  (LOS)  angular  rates.  The  other  modes  provide  additional 
capabilities  for  tracking  on  ECM  signals  or  for  reacquiring  the  target  after  dropping 
track. 

The  representation  of  the  active  RF  seeker  is  segmented  into  two  major  areas: 
receiver/signal  processor  and  data  processing.  The  general  receiver  configuration  is 
that  of  a  three-channel  monopulse,  pulsed-Doppler  radar  using  range  gating  and  Doppler 
filtering.  Signal  voltages  are  modeled  at  the  output  of  the  receiver/signal  processor; 
the  signal  representation  consists  of  a  range/Doppler  matrix  where  each  cell  of  the 
matrix  contains  a  discrete  value  representative  of  the  signal  voltage  received  over  the 
Doppler  filter  bandwidth  for  a  given  range  gate.  Signal  voltages  are  obtained  from 
samples  in  time  and  frequency  over  the  radar  ambiguity  surface  of  a  rectangular,  pulsed 
waveform;  the  peak  value  of  the  ambiguity  function  is  determined  by  a  signal-to-noise 
calculation  derived  from  the  radar  range  equation.  Models  of  the  seeker  antenna  gain 
patterns,  target  radar  cross  section  (RCS)  ,  and  system  losses  contribute  to  the 
calculation  of  the  signal  representation.  Signal  contributions  due  to  ground  clutter 
reflections  and  ECM  are  also  modeled. 

The  seeker  data  procesor  models  perform  the  primary  functions  of: 

1.  Thresholding  and  detection, 

2.  Measurement  computation, 

3.  Smoothing  and  estimation, 

4.  Command  generation  (tracking  and  guidance) ,  and 

5.  Operational  mode  control. 

Seeker  data  processing  functions  are  coordinated  by  moae-dependent  radar  controller 
routines  that  establish  the  sequence  of  operations,  process  track  control  logic,  and 
determine  seeker  mode  of  operation.  A  significant  feature  of  the  data  processor 
structure  is  that  considerable  flexibility  is  provided  in  specifying  the  sequence  of 
operational  modes  and  the  associated  transition  criteria  without  having  to  alter  any  of 
the  radar  controller  routines.  Transitions  between  operational  modes  are  effected  by  a 
mode-controller  routine  accessed  from  each  radar  controller  prior  to  ending  execution 
for  a  given  processing  dwell.  The  use  of  the  mode-control  routine  centralizes  all 
decision  activity  to  a  single  location  and  makes  uniform  the  decision  criteria, 
allowing  operational  transitions  to  be  decided  during  the  course  of  a  simulation  run 
based  on  the  status  of  the  seeker  tracking  functions. 

Models  of  varying  fidelity  are  also  available  for  simulating  the  response  of 
the  seeker  head  control  system,  the  most  complex  of  which  is  a  dynamical  model  of  the 
stability  loop  allowing  user  specification  of  values  for  torquer  and  rate  sensor 
bandwidths,  spring  constant,  and  viscous  and  Coulomb  friction.  The  missile  model  is 
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currently  a  3-DOF,  point-mass  functional  representation  of  the  missile  actuator, 
autopilot,  and  guidance  functions  utilizing  a  proportional  navigation  guidance  law. 

3.  PROGRAM  STRUCTURE 


The  overall  structure  of  the  Generic  Seeker  Simulation  was  selected  to 
represent  the  general  sequence  of  operations  performed  by  an  integrated  missile  and 
seeker  system  and  corresponds  to  the  simplified  block  diagram  of  Figure  1.  For  each  of 
the  major  program  areas  indicated  in  Figure  1  there  exists  an  executive  controller 
routine  responsible  for  coordinating  the  program  calls  for  that  area.  The  system 
kinematics  are  updated  at  the  missile  guidance  rate,  providing  relative  target  and 
missile  position  and  velocity  information.  The  signal  processing  executive  controller 
generates  the  program  calls  to  subordinate  routines  to  simulate  the  output  of  the 
receiver/signal  processor  for  the  given  update.  Signal  processor  outputs  are  operated 
upon  by  the  data  processing  routines,  under  control  of  the  data  processor  executive 
controller,  to  generate  tracking  and  guidance  updates  for  input  to  the  head  control  and 
missile  models.  The  missile  guidance  rate  for  the  simulation  is  determined  by  the 
seeker  dwell  time  where  the  dwell  time  is  defined  as  the  sum  of  the  signal  processing 
time  and  data  processing  time  required  to  generate  a  single  guidance  update.  Signal 
processing  time  is  determined  by  parameters  of  signal  integration  and  Doppler 
resolution  specified  by  the  user;  data  processing  time  is  also  a  user  specification. 

Configurational  flexibility  in  structuring  and  operating  the  simulation  is 
provided  with  three  distinct  mechanisms: 

1.  Executive  Control, 

2.  Option  Selection,  and 

3.  Specification  Definition, 

corresponding  to  the  configurational  hierarchy  illustrated  in  Figure  2.  These 
mechanisms  allow  the  user  to  completely  specify  a  system  configuration  ranging  from  the 
determination  of  operational  sequences  to  the  assignment  of  specific  values  for 
critical  model  parameters. 


The  executive  control  mechanism  provides  the  highest  level  of  configurational 
control  for  the  Generic  Seeker  Simulation  (where  configuration  control  in  this  context 
refers  to  the  mechanisms  by  which  the  user  may  configure  the  simulation  to  resemble  a 
specific  seeker/missile  system).  Executive  control  pertains  to  the  selection  of 
executive  controller  routines  which  perform  series  of  program  calls  to  subordinate 
routines  according  to  a  desired  seeker  configuration.  Configurational  differences  that 
distinguish  the  executive  control  routines  are  typically  in  the  level  of  fidelity 
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desired  in  modeling  a  particular  program  area  or  in  mode-dependent  functions.  In  the 
example  of  Figure  2,  an  acquisition  mode  signal  processing  controller  (SPR22)  has  been 
selected  to  perform  the  generation  of  the  received  signals  prior  to  post-detection 
integration  (PDI) .  Subroutine  SPR22  generates  the  program  calls  to  other  routines  that 
model  the  seeker  antenna  pattern,  target  cross  section,  and  system  losses  prior  to 
building  the  signal  representation.  Subsequent  program  calls  add  signal  contributions 
of  ground  clutter  and  ECH  and  model  the  POI  processing.  For  acquisition  mode  signal 
processing,  optional  signal  processing  controllers  (SPR20,  SPR21)  may  be  substituted 
for  SPR22  to  model  the  signal  generation  with  varying  degrees  of  fidelity.  These 
additional  controllers  may  utilize  some  or  all  of  the  subordinate  routines  used  by 
SPR22  as  long  as  the  interface  requirements  of  the  subordinate  routines  are  satisfied 
by  the  operational  sequence.  In  general,  executive  control  routines  for  a  given  area 
(i.e.,  signal  processing,  data  processing)  may  share  a  common  menu  of  subordinate 
routines  available  to  that  area;  for  example,  all  active  guidance  data  processing 
routines  will  use  the  same  set  of  tracking  and  guidance  filter  routines. 

The  signal  processing  master  executive  routine  (SPREX)  shown  in  Figure  2 
illustrates  another  significant  feature  of  the  executive  control  mechanism  for  the 
Generic  Seeker  Simulation.  The  master  executive  is  used  during  the  course  of  a 
simulation  run  to  make  program  calls  to  the  appropriate  executive  controller  routine 
based  on  the  system  operational  mode.  This  feature  is  particularly  useful  for  modeling 
the  seeker  data  processor  where  the  data  processor  configuration  may  change  drastically 
as  a  function  of  the  seeker  operational  mode  (i.e.,  search/acquisition,  track,  HOJ) . 

The  data  processing  executive  control  routines,  referred  to  as  radar  controllers,  are 
comprised  of  sequences  of  program  calls  to  data  processing  routines  that  may  generate 
logical  decisions  that  influence  the  path  of  execution  within  the  data  processor.  The 
radar  controllers,  additionally,  are  responsible  for  determining  the  seeker  operational 
mode  based  on  the  transition  criteria  and  operational  sequence  specified  by  the  user. 
Although  the  available  radar  controller  routines  have  been  designed  to  be  broadly 
representative  of  the  current  generation  of  air-to-air  seeker  data  processors,  the 
modular  structure  allows  specific  reconfiguration  of  the  data  processor  functions  and 
logic  through  the  substitution  of  an  existing  radar  controller  with  a  user-developed 
routine.  At  present,  most  of  the  configurational  flexiblity  at  the  executive  control 
level  is  provided  by  the  signal  generation  and  data  processing  executive  routines; 
however,  the  head  control  and  missile  executive  controllers  are  similarly  structured  to 
accommodate  future  growth  in  these  areas. 

The  second  level  of  the  configurational  hierarchy  shown  in  Figure  2  provides 
the  greatest  amount  of  configurational  flexiblity  to  the  user  through  program  options 
that  allow  the  substitution  of  routines  of  similar  function.  These  routines,  referred 
to  as  modules  because  of  their  modular  construction,  are  the  most  fundamental  program 
unit  of  the  simulation  and  ate  interchangeable  without  modification  to  the  module 
interface.  Several  modules  are  associated  with  each  program  option;  interchangeable 
modules  of  a  particular  function  maintain  an  identical  interface  with  respect  to  other 
modules  within  the  simulation,  although  the  modules  may  differ  substantially  in  the 
level  of  fidelity  with  which  a  given  function  is  modeled,  in  functional  implementation, 
or  in  the  external  input/output  (I/O)  requirements.  Modules  are  designed  to  correspond 
to  specific  functional  units  for  which  the  operational  sequence  is  determined  by  the 
executive  controller  routines.  The  modular  program  structure  and  well-documented 
module  interfaces  provide  the  flexibility  to  accommodate  user-developed  routines  that 
satisfy  the  module  interface  requirements.  The  operational  software  of  the  simulation 
has  been  designed  so  that  user-developed  program  options  may  be  implemented  without 
extensive  integration  procedures.  The  particular  program  option  to  be  implemented  is 
selected  by  the  user  prior  to  the  run  and  remains  fixed  for  that  run. 

Approximately  35  program  options  are  available  in  the  current  version  of  the 
Generic  Seeker  Simulation,  providing  a  wide  range  of  model  features  and  capabilities. 
The  differences  between  replaceable  modules  for  a  given  program  option  may  lie  in  the 
level  of  fidelity  with  which  the  function  is  modeled,  in  the  actual  implementation  of 
that  function,  or  some  combination  of  both.  In  the  example  of  Figure  2  the  selection 
of  the  ECM  option  is  a  choice  of  functional  implementation  between  continuous  noise  and 
blinking  jammer  models,  with  an  additional  option  for  not  modeling  any  ECM.  The  other 
program  calls  generated  by  SPR22  are  also  to  program  modules  for  which  various  options 
are  available.  In  the  case  of  the  target  cross-section  option  (RCS) ,  the  selection  is 
between  modules  of  different  fidelity;  the  simplest  option,  RCSl,  models  the  RCS  as  a 
simple  point  scatterer.  The  more  complex  RCS  option  models  the  target  as  a  collection 
of  ten  point  scatterers,  the  amplitude  and  relative  phasing  of  which  are  aspect 
dependent  in  order  to  more  accurately  model  the  effects  of  target  scintillation.  The 
program  control  features  of  the  simulation  allow  independent  selection  of  each  of  the 
program  options,  so  that  a  particular  area  of  interest  may  be  modeled  in  greater  detail 
than  other  areas  of  less  significance  to  the  user.  The  substitution  of  modules  of 
varying  functional  implementation  permits  functional  evaluations  of  specific  algorithms 
or  hardware  designs  to  be  performed  within  the  common  framework  of  the  generic 
simulation  test-bed.  A  partial  list  of  the  available  program  options  for  the  signal 
processing  and  data  processing  program  areas,  and  the  associated  modules  for  each,  are 
given  in  Figures  3  and  4. 

The  final  level  of  configurational  flexibility  is  provided  to  the  user  through 
the  specification  of  parameters  unique  to  a  particular  function  or  program  option. 

These  specifications  allow  the  user  to  configure  the  simulation  to  resemble  a  specific 
seeker  design,  and  to  perform  parametric  evaluations  of  a  given  function  in  relation  to 
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Figure  3.  Signal  Processor  Options 
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Figure  4.  Data  Processor  Options 
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the  entire  system.  In  the  example  of  Figure  2  both  the  continuous  noise  and  blinking 
jammer  modules  share  the  common  specifications  of  jammer  power  and  bandwidth  (Pj,  Bj) , 
though  only  the  blinking  jammer  requires  the  specification  of  jammer  turn-on  and  turn¬ 
off  times  (Ton,  Toff).  Some  other  examples  of  typical  specifications  are  transmitter 
power,  antenna  gain  and  beamwidth,  search  rates,  detection  thresholds,  and  tracking 
filter  constants.  Over  350  different  specifications  are  available  in  the  current 
Generic  Seeker  Simulation. 

The  tri-level  configurational  hierarchy  (executive  control,  option  selection, 
and  specification  definition)  provides  extensive  flexibility  to  the  user  for  simulating 
a  broad  range  of  seeker  configurations  in  a  variety  of  environments.  Given  the 
existing  framework  of  available  executive  control  and  modular  options,  the  user  is 
capable  of  determining  operational  sequences,  subsystem  functions,  and  system 
parameters  to  construct  a  simulation  configuration  representative  of  specific 
hardware/software  designs.  More  Importantly,  the  well-defined  program  structure 
provides  an  extensive  fr^uBework  for  acconusodating  user-developed  options  and  for 
supporting  simulation  upgrades  as  future  modeling  requirements  are  discerned. 

4.  DSBR  OPBUATIOW  AWD  COHTROL 


The  Generic  Seeker  Simulation,  written  in  FORTRAN  V,  exists  as  an  UPDATE  file 
on  a  Cyber  176.  The  use  of  the  UPDATE  utility  allows  for  the  nonperraanent 
reconfiguration  of  the  simulation  from  an  auxiliary  file  of  UPDATE  directives  that 
provide  for  the  insertion  or  deletion  of  lines  of  program  code.  Input  specification 
parameters  for  the  simulation  are  all  confined  to  a  single  routine  which  contains 
statements  of  equality  defining  the  default  values  for  each  specification.  Manual 
operation  of  the  program  is  possible  by  creating  a  file  of  UPDATE  directives  to  replace 
the  default  values  with  user-specified  values  for  the  parameters  of  interest.  A 
similar  utility  allows  modular  options  to  be  exercised  by  replacing  the  program  call  to 
the  default  option  with  a  program  call  to  another  routine.  The  use  of  both  utilities 
provides  the  complete  configurational  flexibility  necessary  to  run  the  simulation. 

A  major  objective  of  the  generic  modeling  program  was  to  develop  a  simulation 
that  could  be  quickly  reconfigured  to  represent  specific  seeker  designs.  The  need  for 
rapid  and  easily  executable  program  reconfigurations,  coupled  with  the  benefits  of 
short  data  turnaround  times  for  near  real-time  data  analysis  of  the  simulation  results, 
would  indicate  that  a  program  implementation  centered  around  interactive  construction 
of  the  simulation  configuration  and  subsequent  interactive  program  operation  would 
optimize  the  simulation  utility.  However,  the  current  limitations  on  computer  central 
memory  for  interactive  programs,  given  the  size  and  complexity  of  the  Generic  Seeker 
Simulation,  would  prohibit  interactive  operation  of  the  simulation  for  all  but  the 
simplest  of  system  configurations.  This  limitation  restricts  operation  of  the 
simulation  to  batch  processing  on  the  Cyber  176.  With  42  different  option  parameters 
and  over  350  specification  parameters  available  for  modification,  the  input  data 
requirements  for  running  the  Generic  Seeker  Simulation  would  be  strenuous  and  time- 
consuming  without  a  special  input  data  management  utility.  To  facilitate  operation  of 
the  Generic  Seeker  Simulation,  a  separate  computer  program,  the  Generic  Interactive 
Executive  Program  (GIEP) ,  was  developed  to  help  construct  the  input  data  file  that 
determines  the  program  configuration  for  a  given  run.  The  GIEP  provides  the  advantages 
of  interactive  construction  of  the  program  configuration  while  minimizing  user  effort 
in  preparing  the  simulation  for  batch  processing. 

The  GIEP  is  an  Interactive  program  that  allows  the  user  to  edit  an  input  file 
containing  all  of  the  default  values  for  specifying  the  system  configuration,  make 
changes  where  desired,  and  then  construct  a  file  containing  the  job  control  logic  and 
input  data  for  executing  the  simulation.  The  program  structure  for  the  GIEP  is  shown 
in  Figure  5.  Upon  entering  the  main  body  of  the  GIEP,  an  input  file,  referred  to  as  a 
default  file,  is  read  in  by  the  program  for  initialization.  The  default  file  is  a 
specially  formatted  data  file  containing  default  values  completely  defining  all  of  the 
configuration  control  parameters  (executive  control,  program  option,  and 
specifications)  for  the  Generic  Seeker  Simulation. 

After  the  program  is  Initialized,  the  GIEP  prompts  the  user  to  choose  one  of 
five  subprogram  areas.  Within  each  subprogram  area  the  user  may  exercise  commands  to 
change  (C)  or  view  (V)  the  values  of  speciHc  parameters,  cr  to  return  (R)  to  the  main 
body  of  the  program.  Within  the  option  selection  and  specification  definition 
subprogram  areas,  the  pareuaeters  are  organized  into  groups  of  no  more  than  20 
parameters  of  similar  function  to  facilitate  the  editing  of  those  values.  Special 
commands  also  exist  to  change  or  view  all  of  the  parameters  in  a  single  group  without 
the  user  having  to  input  each  parameter  name.  Within  the  output/plot  control  area,  the 
user  may  select  the  specific  printed  outputs  desired  for  the  given  run  from  a  menu  of 
output  variables,  and  may  specify  that  a  data  tape  of  all  available  outputs  be  created 
for  subsequent  use  by  a  plotting  program.  The  control  card  definition  8Ubprogr^un 
allows  the  user  to  specify  the  job  control  card  for  executing  the  simulation  and  to 
specify  the  names  and  locations  of  user-provided  auxiliary  files  to  be  accessed  by  the 
simulation. 

After  changing  the  desired  configuration,  output,  and  job  control  parameters, 
the  user  is  given  the  option,  upon  terminating  the  program,  to  create  a  new  default 
file  incorporating  the  changes  just  entered.  The  new  default  file  (NEWDEF)  may  be 
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Figure  5.  Generic  Interactive  Executive  Program  Structure 


permanently  stored  and  used  as  the  input  file  for  subsequent  executions  of  the  GIEP. 
Termination  of  the  GIEP  results  in  the  creation  of  a  run  file  (RUNGEN)  containing  the 
job  control  logic  and  input  data  file  for  executing  the  Generic  Seeker  Simulation. 
Execution  of  the  simulation  is  performed  as  a  batch  job  on  the  Cyber  176.  As  shown  in 
Figure  6»  program  execution  causes  any  user  input  files  to  be  incorporated  into  an 
UPDATE  of  the  simulation  program  library  containing  all  of  the  program  routines.  Only 
those  routines  required  for  the  particular  program  configuration  are  loaded  for 
execution  in  the  Cyber  176.  A  significant  difference  between  the  manual  program 
operation  and  operation  by  the  GIEP  is  that,  when  executed  from  the  GIEP,  specification 
parameters  are  not  entered  by  UPDATE  directives  but  by  reading  the  input  data  file 
constructed  by  the  GIEP;  this  data  file  is  virtually  the  same  as  the  default  file.  The 
output  data  for  a  program  run  will  include  a  complete  listing  of  the  values  for  all 
option  and  specification  parameters. 

Although  the  complete  specification  of  a  new  seeker  configuration  is  an 
involved  process  requiring  careful  thought  and  a  basic  familiarity  with  the  Generic 
Seeker  Simulation,  the  process  is  greatly  simplified  by  the  GIEP  which  automatically 
generates  the  input  file  in  proper  format.  The  GIEP  provides  its  greatest  value, 
however,  in  the  day-to-day  operations  of  the  Generic  Seeker  Simulation.  Baseline 
seeker  configurations,  once  established,  may  be  stored  permanently  and  used  as  test¬ 
beds  for  parametric  evaluations  and  design  analyses  of  specific  options.  Experience 
has  shown  that,  with  reasonable  familiarity  with  the  Generic  Seeker  Simulation,  several 
configuration  parameters  may  be  changed  and  a  new  batch  job  prepared  for  input  to  the 
Cyber  176  in  less  than  one  minute. 

5.  00IICL08I0II 


The  Generic  Seeker  Simulation  is  a  highly  structured  simulation  of  an 
Integrated  RP  seeker/mlsslle  system  capable  of  modeling  to  varying  degrees  of  detail 
the  engagement  of  an  airborne  target  by  an  air-to-air  missile.  The  simulation  features 
an  extensive  menu  of  program  options  representative  of  the  current  generation  of  air- 
to-air  fflisslle/seeker  technologies  integrated  within  a  program  structure  designed  to 
accommodate  user-developed  options  and  facilitate  continued  simulation  development. 

The  program  options  are  selectable  from  a  sizeable  library  of  verified  models  of 
target,  environment,  and  RF  seeker  components  and  subsystems.  The  configuration  of  the 
simulation  may  be  specified  at  three  distinct  levels  of  program  control  that  allow  the 
selective  management  of  the  various  program  options  to  emphasize  areas  of  particular 
Importance.  The  modular  program  structure,  coupled  with  the  ease  of  operation  supplied 
by  the  GIEP,  provides  an  inherent  flexibility  to  support  a  broad  range  of  simulation 
requirements  from  the  design  analysis  of  component  functions  to  system  and  subsystem 
level  evaluations  of  seeker  performance. 


The  Generic  Seeker  Simulation  is  a  powerful  resource  for  weapons  system 
evaluation  providing  not  only  a  common  test-bed  of  target  and  environmental  models  for 
the  evaluation  of  competing  concepts,  but  providing  as  well  a  uniform,  well-established 
framework  from  which  new  design  configurations  may  be  modeled.  The  existence  of  the 
Generic  Seeker  Simulation  test-bed  significantly  reduces  the  amount  of  time  required  to 
develop  a  detailed  simulation  of  a  candidate  seeker  system  and  provides  a  common 
baseline  from  which  competing  systems  may  be  evaluated. 
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This  report  is  based  on  efforts  to  develop  a  color  graphics  based  analytical 
methodology  for  determining  end  game  performance  of  smart  sensors  on  missiles 
and  projectiles.  These  sensor  systems  defend  against  present  and  future 
target  threats.  This  paper  reports  on  the  development  of  a  computer  based 
methodology  to  define  and  test  weapon  system  sensor  performance  requirements, 
predict  end  game  sensor  and  fuze  burst  point  distributions,  assess  weapon 
system  effectiveness,  and  evaluate  advanced  weapons  design  concepts. 

A  graphics  driven  target  modeling  methodology  is  presented,  together  with 
verification,  correlation,  and  validation  techniques.  A  complex  radar  target 
model  with  detailed  graphics,  radar  cross  section  (RCS),  glint,  imagery 
analysis,  and  target  doppler  signature  output  has  been  developed. 

A  sensor  system  signal  processor  model  is  developed  and  exercised  with  the 
target  model  to  provide  system  performance  assessments.  Verifiable 
correlation  between  system  model  performance  and  real  hardware  has  been 
obtained.  End  game  system  function  results  are  utilized  in  a  weapons 
effectiveness  simulation  and  appraisal. 


This  paper  reports  on  the  development  of  a  computer  methodology  to  define  and  test 
weapon  system  performance  requirements.  This  methodology  helps  to  predict  end  game 
sensor  and  fuze  burst  point  distributions,  assess  weapon  system  effectiveness,  and 
evaluate  advanced  weapons  design  concepts.  Both  analysis  and  synthesis  operations  are 
available  to  answer  key  "what  if"  questions  in  order  to  completely  characterize  the 
sensor  system.  The  focus  of  the  system  modeling  is  (1)  the  sensor  signal  returns, 
including  environmental  effects,  and  (2)  the  signal  processor  system  which  operates  on 
this  sensor  return  signature. 

The  key  role  of  the  analysis  operation  is  to  characterize  the  sensor's  outputs  and 
define  a  signal  processing  scheme  by  breaking  it  down  into  definable  subsystems  and  sub¬ 
elements.  The  essential  contribution  of  the  synthesis  technique  is  to  combine  each 
component  or  subsystem  into  a  complete  sensor  and  signal  processing  system  model.  The 
ability  to  break  down  the  system  into  understandable  elements  and  put  it  together  to 
characterize  system  performance  not  only  greatly  enhances  the  understanding  of  the 
overall  system  -  threat  encounter  scenario,  but  also  provides  essential  verification  of 
the  system  simulation  that  will  provide  performance  assessments.  Included  in  the 
methodology  is  the  ability  to  compare  the  resulting  synthesized  system  against  data  from 
the  operation  of  the  corresponding  actual  system  to  assess  system  performance  in  a 
verifiable  way. 

This  methodology  allows  the  system  analyst  to  easily  manage  the  multidisciplinary 
simulation  process  that  provides  a  wide  range  of  capabilities  to  develop,  verify,  and 
validate  models  and  systems.  Based  on  several  advanced  simulation  packages,  input  and 
output  color  graphics,  an  optional  data  base  n.anagement  system,  and  an  interactive 
command  language,  the  user  can  quickly  adapt  his  modeling  approach  to  the  requirements 
of  a  particular  application.  The  ability  to  easily  manage  a  complex  simulation  process 
provides  the  analyst  with  time  to  concentrate  on  the  phenomena  to  be  modeled  and 
minimizes  time  spent  on  computer  data  management  tasks. 

Specifically,  this  analytical  methodology  determines  RF  sensor  response  to  complex  radar 
targets.  A  simulated  target  backscatter  signature  is  developed  that  is  based  on 
specific  threat  weapon  platform  encounter  parameters.  This  signature  drives  a  model  of 
the  signal  processing  implementation.  The  signal  processing  algorithms  operate  on  the 
target  signature  to  initiate  the  appropriate  firing  decision  based  on  its  associated 
burst  point.  A  pictorial  computer  graphics  drawing  of  a  scaled  model  of  the  target, 
with  simulated  fragmentation  damage  and  burst  point  is  displayed.  A  complete  flow 
design  descrip’- ion  of  the  methodology  is  found  in  Figure  1. 

One  result  of  this  effort  is  the  creation  of  a  computer  tool  kit  that  displays  the 
complex  nature  of  radar  target  backscatter  from  several  viewpoints.  The  radar  viewpoint 
of  the  radar  cross  section  (RCS),  glint,  and  target  imagery  reflects  a  far  field  static 
picture  of  the  target  engagement  problem.  The  smart  sensor  viewpoint  of  the  doppler 
signatur^j,  barkscat*-''r  profile,  and  RCS  reflects  a  picture  of  target-sensor  closing 
engagement  dynamics.  This  understanding  is  synergistically  applied  to  predict  and 


answer  questions  concerning  the  interaction  of  smart  sensors  and  complex  targets.  A 
direct  link  has  been  established  between  the  high  resolution  radar  imagery  analysis  used 
by  the  radar  community  and  the  backscatter  analysis  used  by  the  smart  sensor  community 
to  characterize  doppler  signatures. 

The  central  core  of  this  work  is  a  set  of  individually  powerful  simulation  tools 
integrated  to  provide  a  comprehensive  system  simulation  (see  Figure  2).  The  tasks  of 
modeling  complex  signal  processing  systems;  verifying  system  and  subsystem  performance; 
testing  systems  in  dynamic  situations  representative  of  weapon  platform  end  game 
encounters;  and  evaluating  system  effectiveness  are  typical  capabilities.  The  use  of 
interactive  graphics  to  display  results  in  two  and  three  dimensions;  transient, 
optimization,  and  Monte  Carlo  analysis  to  investigate  alternate  approaches:  and  Fast 
Fourier  transform  (FFT)  analysis  are  features  included  in  the  modeling  tool  package.  A 
macro  oriented  systems  modeling  technique  is  emphasized  for  describing  a  conceptual 
design  using  elements  and  macro-models;  these  elements  and  models  directly  correlate 
with  the  elements  of  a  system  design  block  diagram.  System  model  making  flexibility  and 
results  oriented  graphics  techniques  permit  the  user  to  easily  adapt  the  methodology  to 
his  specific  needs.  Smart  Munition  Effectiveness  Assessments  are  displayed  graphically 
in  3-D  in  contrasting  colors,  and  include  the  target  skin,  the  vulnerable  components, 
and  the  damaging  fragments.  The  burst  point  locations  are  fed  into  a  typical 
Probability  of  Kill  (Pk)  program  to  calculate  system  effectiveness.  The  3-D  interactive 
color  display  allows  the  user  to  visualize  the  end  game  from  different  viewpoints. 

OVERVIEW  -  TARGET  MODELING 


A  graphics  driven  target  modeling  methodology  is  presented  together  with  verification, 
correlation,  and  validation  techniques  (see  Figure  3).  A  complex  radar  target  model 
with  detailed  graphics,  radar  cross  section  (RCS),  glint,  imagery  analysis,  and  target 
doppler  signature  has  been  developed.  The  use  of  a  target  visual  descriptor  program 
displayed  in  3-D  graphics  (with  optional  hidden  lines)  provides  a  comprehensive  target 
model  that  is:  (1)  converted  directly  to  a  radar  target  model  to  generate  RCS  and 
glint;  (2)  converted  to  high  resolution  target  imagery;  (3)  converted  to  doppler 
signatures;  and  (4)  converted  to  a  backscatter  profile  display  of  key  scatterers.  The 
analysis  performed  on  the  target  models  and  on  actual  target  data  verifies  model 
realism.  These  radar  models  are  then  used  to  generate  smart  sensor  signatures  to 
evaluate  signal  processing  schemes. 

OVERVIEW  -  SYSTEM  MODELING  AND  SIMULATION 

This  paper  also  describes  a  system  simulation  technique  which  allows  macromodel  elements 
to  be  combined  together  to  easily  describe  a  complex  system  that  may  be  tested  for 
accuracy  with  reality.  Various  levels  of  simulation  complexity  and  model  abstraction 
that  still  relate  directly  to  bench  reality  are  discussed.  This  methodology  contains  a 
combination  of  simulation,  analysis,  and  validation  software  tools  with  interactive  user 
control  and  graphic  displays  (see  Figure  4). 

A  conversational  user  interface  (Figure  5),  with  its  interactive  command  language, 
processes  user  requests  and  invokes  the  appropriate  batch  or  interactive  operation.  The 
user  may  select  submodel  analysis  and  validation  efforts  as  interactive  processes,  and 
CPU  intensive  system  analysis  as  batch  oriented  tasks.  The  interactive  viewing  of 
graphics  is  also  an  option  of  the  batch  oriented  technique.  The  simulation  process  to 
be  controlled  includes:  (1)  the  simulation  language  (NET-2)  with  complex  system 
macromodeling;  (2)  a  complete  data  analysis  and  waveform  processing  package  (MR  WISARD); 
(3)  a  standard  interface  for  user-written  Fortran  Simulation  routines;  (4)  standard 
graphic  routines  for  general  graphic  output  of  user  selected  data. 

The  user-friendly  interface  (Figure  5)  permits  the  user  to  describe,  analyze,  and 
validate  his  system  simulation  while  remaining  flexible  enough  to  adapt  to  his  changing 
needs.  This  implementation  minimizes  the  interface  between  the  user  and  the  data  and 
file  management,  including  manipulation,  creation,  construction,  naming,  cataloging,  and 
disposition  of  files  which  must  take  place  transparently. 

An  essential  requirement  is  the  interactive  control  of  graphic  output  of  dat?  .  Graphic 
system  output  should  be  built  in  automatically,  depending  only  on  the  user's  requests, 
freeing  him  from  the  necessity  of  using  a  graphic  language  In  this  simulation  effort, 
significant  benefits  have  been  experienced  by  relying  heavily  on  graphics,  particularly 
in  the  areas  of  signal  and  spectral  analysis  and  signature  recognition  and 
classification. 

The  modeling  tools  allow  progressively  more  abstract  models  to  be  described  and 
utilized.  The  user  may  begin  with  detailed  component-by-component  models  and  progress 
to  subsystem  macromodels  that  still  relate  directly  to  bench  testing.  Each  macromodel 
contains  nodes  that  can  be  probed  (much  like  an  engineer's  oscilloscope  or  spectrum 
analyzer)  to  validate  his  model.  Further  abstractions  of  macromodels,  utilizing 
mathematical  algorithms  and  written  in  the  same  language,  can  be  used  to  describe  a 
total  system.  These  device  independent  abstract  models  can  be  utilized  to  model  a 
conceptual  system  quite  independent  of  any  hardware  or  firmware  considerations.  T)iis 
system  utilizes  combinations  of  macromodels  and  abstract  models  to  build  an 
approximation  of  reality.  For  added  flexibility  a  macro-model  may  contain  a  combination 
of  circuit  elements,  system  elements  and  mathematical  abstractions  all  in  the  same 
model.  The  modeling  of  mathematical  abstractions  has  become  increasingly  relevant  since 
they  frequently  can  be  readily  implemented  in  a  microprocessor  application  (see  Figure 
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6).  They  also  frequently  correlate  more  closely  with  the  firmware  implementation  than 
does  a  typical  system  element  block  diagram  model. 

The  chief  system  simulation  goal  is  to  preserve  the  accuracy  of  each  submodel 
description  and  build  an  accurate  realistic  description  of  the  overall  system.  As  the 
goals  of  each  simulation  model  are  broadened,  the  descriptions  of  each  model  increase  in 
complexity  to  yield  more  knowledge  about  the  system.  Macromodel  goals  also  must  include 
the  development  of  model  accuracy  which  needs  to  correlate  with  hardware  and  bench 
measurements  in  order  to  establish  the  model's  credibility.  Secondary  efforts  are 
dedicated  to  the  development  of  increasingly  abstract  models  for  CPU  intensive  systems 
applications,  in  order  to  reduce  CPU  requirements  while  preserving  model  integrity. 
Finally,  simulation  and  analysis  of  system  performance  demand  efficient  execution  times. 
This  is  especially  true  for  the  evaluation  of  stochastic  systems  using  Monte  Carlo 
analysis  techniques. 

System  performance  may  be  assessed;  alternative  designs  of  potential  system  solutions 
may  be  described  and  evaluated;  key  "what  if"  questions  answered  -  all  with  one  set  of 
software  tools  deemed  a  System  Simulation  Methodology,  the  results  of  which  produce  new 
solutions  to  critical  problems  utilizing  tomorrow's  technology. 

LMS  filter  models,  sophisticated  third  order  phase-lock  loop  ( PLL)  models,  and  frequency 
selective  Discrete  Fourier  Transform  (DTF)  models  have  been  compared  with  breadboard 
models  (using  analog,  digital  and  microprocessor  implementations)  with  excellent 
results.  Complete  signal  processing  systems  consisting  of  signal  generators,  adaptive 
filters,  and  adaptive  PLL's  have  been  simulated.  Correlated  and  validated  data  has  been 
collected  by  implementing  the  same  system  (signal  generator,  LMS  filter,  PLL,  etc.)  in 
microprocessor  chips. 

OVERVIEW  -  SYSTEM  EVALUATION  AND  PERFORMANCE  ASSESSMENT 


The  task  required  in  analysis  is  to  predict  and  evaluate  system  performance  by  examining 
various  signals  and  parameters  utilizing  the  simulation  process  with  simulated  real- 
world  environmental  signals  for  inputs  (Figure  3).  Using  MR  WISARD,  the  technique  of 
pre  and  post  processing  of  data  may  extract  additional  information  from  the  system  model 
(Figure  7).  The  analysis  techniques  simplify  the  incoming  data  for  evaluation  by 
displaying  information  graphically.  This  is  an  inherent  capability  of  the  analysis 
package.  Once  the  data  is  input,  graphic  output  may  be  accomplished  by  the  simple 
command  "PLOT"  to  the  analysis  package. 

Analytical  requirements  dictate  examination  and  modification  of  data  in  several  ways. 
The  signals  of  interest  may  be  processed  and  examined  using  Fast-Fourier  transforms  (or 
inverse  FFTs )  for  both  frequency  and  time  domain  analysis.  This  also  readily  permits 
signal  processing  and  modeling  in  the  frequency  domain.  These  signals  and  spectra  are 
automatically  retained  for  later  viewing  with  a  2  or  3  dimensional  graphic  display. 

Frequently  the  user  will  need  to  compare  the  spectra  of  two  signals.  For  example,  a 
reference  signal  must  be  compared  to  one  degraded  by  undesired  noise  components  and 
interfering  signals.  For  this  task,  cross-spectra  and  correlation  capability  using 
graphics  output  are  available. 

The  validation  of  the  signal  processor  model  and  the  simulation  methodology  is 
essential.  The  question  of  model  accuracy  (how  realistic  are  the  models?)  must  be 
considered  before  the  simulation  results  can  be  relied  upon.  A  critical  requirement  is 
the  correlation  of  simulation  results  with  expected  results;  this  should  be  extended  to 
implicitly  require  a  high  level  of  accuracy  in  the  expected  results.  This  may  be 
accomplished  by  utilizing  the  results  from  known  test  cases  for  model  and  simulation 
validation.  Validation  of  a  macromodel  will  require  the  user's  judgement  and  definition 
of  required  system  design  performance.  Known  environmental  effects  on  the  system  design 
also  must  be  considered.  Validation  efforts  must  continue  in  every  step  of  system 
development,  and  are  the  key  to  modeling  success.  The  model  and  data  must  correlate 
with  prototypes  of  the  design  as  soon  as  they  are  available.  The  model  will  inevitably 
have  to  be  adjusted  for  optimum  correlation  with  the  hardware.  It  is  imperative  to 
continue  this  correlation  continuously  while  refining  model  and  hardware.  The 
macromodels  must  continue  to  accurately  represent  hardware  and  firmware.  Frequently, 
new  models  will  be  required  to  match  variations  of  the  different  hardware 
conf igurations . 

Since  the  analytical  methodology  provides  graphic  data  representation,  these  graphics 
may  be  correlated  with  those  from  an  oscilloscope  or  spectrum  analyzer.  The  user  must 
bridge  the  gap  between  simulation  and  hardware;  this  is  a  technique  that  must  be 
developed  -  from  the  ideal  to  the  theoretical  to  the  real  world.  This  requires  that  the 
tasks  of  hardware  and  firmware  design  and  system  simulation  be  closely  coordinated  as  a 
team  effort. 

The  designer  may  have  alternative  design  solutions  in  mind.  By  modeling  these  various 
system  designs,  the  designer  can  evaluate  the  various  possible  approaches.  This  is  an 
essential  benefit  of  simulation:  weighing  alternatives  at  every  step  in  the  design 
process  (Figure  8).  It  will  even  assist  in  cost,  performance,  and  component  selection 
considerations  in  preparation  for  the  manufacturing  phase. 


4-4 


A  particularly  difficult  time  for  the  designer  is  the  situation  where  he  is  required  to 
make  the  commitment  to  a  specific  hardware  or  firmware  design.  If  effective  simulation 
techniques  have  been  followed,  he  will  be  in  a  good  position  to  make  that  decision. 
Once  that  inevitable  commitment  is  made  and  implemented,  the  designer  must  follow 
through  and  model  the  actual  prototype. 

System  performance  assessment  includes  the  generation  of  the  distribution  of  system 
trigger  points  for  unique  target  engagement  conditions.  The  results  may  be  displayed  as 
depicted  in  Figure  9.  The  distributed  trigger  points  for  X,  Y,  and  Z  with  respect  to 
the  aimpoint  coordinates  and  the  encounter  conditions  are  recoi  led.  This  figur... 
displays  the  trigger  poirt  performance  of  a  simple  proximity  fuze  tested  against  a 
complex  target  for  one  trajectory.  Many  computer  runs  are  required  to  generate  the 
trigger  point  distribution  performance  for  this  system.  This  procedure  is  illustrated 
in  Figure  10. 

The  system  performance  coordinates  can  now  be  used  to  position  the  warhead  at  the 
analytically  determined  burst  point  using  the  target  effectiveness  analysis  ( Pk ) 
package.  This  will  provide  the  fragmentation  and  resulting  damage  ( Pk )  for  each  target 
identified  and  each  scenario  exercised. 

TARGET  MODELING  TECHNIQUES 

The  task  of  target  model  simulation  is  broken  into  many  subtasks.  Initially,  the 
development  of  the  radar  target  model  begins  with  the  creation  of  (1)  a  visual  target 
graphic  image  (Figures  11,  12,  13)  made  up  of  geometric  shapes;  (2)  a  radar  target  model 
(of  geometric  shapes)  where  radar  cross  section  (RCS)  and  y  and  z  glint  orthogonal  to 
line  of  sight  vector  (Figures  14,  15,  16)  are  calculated;  and  (3)  a  simulated  target 
signature  (of  geometric  shapes)  which  contains  the  instantaneous  phase  difference  of 
each  individual  scatterer,  antenna  polarization,  antenna  pattern,  wavelength,  the 
doppler  shift  due  to  each  scatterer,  the  signal  strength  due  to  the  transmitted  power 
that  is  reflected  from  each  scatterer,  and  the  shadowing  between  scatterers.  The 
clutter,  noise  and  ECM  signals  may  be  added  to  this  signature  to  represent  realistic 
field  conditions. 

This  target  signature  is  used  to  drive  the  model  of  the  post-detection  receiver  signal 
processing  system.  A  realistic  simulated  encounter  provides  firing  decisions  for  a  wide 
variety  of  threats.  This  firing  decision  can  be  correlated  with  the  relative  position 
of  the  warhead  to  calculate  effectiveness  (Pk). 

This  overall  simulation  methodology  takes  known  information  about  the  precise  target, 
the  encounter  parameters,  the  encounter  geometry,  the  antenna  and  target  geometries,  the 
transmitter/receiver  and  signal  processor  and  provides  graphic  analytical  data  of  the 
predicted  results  of  the  encounter  along  with  detailed,  graphic  analysis  of  each  phase 
of  the  simulation.  During  the  process  of  simulation,  analysis,  and  verification,  the 
models  will  be  updated  to  continually  provide  accurate  representations  of  reality. 

A  more  detailed  description  of  the  development  and  verification  of  target  models  will 
provide  clarification  of  how  these  tasks  are  accomplished.  For  example,  the  visual 
graphic  target  of  Figure  12  is  converted  to  a  radar  model  of  52  geometric  shapes.  The 
radar  model  data  file  is  now  of  a  form  that  can  be  utilized  in  the  radar  equations  for 
each  of  the  respective  quadric  shapes. 

TARGET  CHARACTERISTICS:  CROSS  SECTION  AND  GLINT 

In  order  to  generate  the  required  RCS  and  glint  graphically  as  a  function  cf  aspect,  '  *■ 
is  necessary  to  define  the  physical  and  radar  parameters  required.  The  graphic 
analytical  results  (RCS  and  glint)  are  seen  in  Figures  14-]6;  Figure  14  represents  the 
RCS  as  a  function  of  a  -10  to  +190  degree  rotation  of  the  aspect.  Figures  15  and  16 
represent  the  corresponding  simulated  y  and  z  axis  (target  coordinate  system 
orthogonal  to  the  Line  of  Sight)  glint  respectively.  This  task  must  be  repeated  as 
shapes  are  added  until  the  model  is  complete,  and  continued  as  the  model  is  refined 
until  the  desired  accuracy  of  the  RCS  and  glint  is  obtained.  Until  this  point,  the 
model  may  not  be  used  analytically  except  as  described  above.  Once  this  is 

accomplished,  a  validated  radar  model  of  the  target  exists.  The  validated  target  radar 
model  (Figure  12)  is  now  available  for  analytical  tasks. 

SAP  IMAGING 


The  task  of  processing  target  doppler  signatures  and  determining  the  burst  point,  while 
minimizing  or  eliminating  false  alarms,  makes  it  desirable  to  characterize  the  radar 
image  of  a  target  and  predict  the  nature  of  the  image  or  signature  tha+  should  be 
expected.  The  signature  changes  dramatically  with  aspect  angle.  By  scanning  the  target 
with  a  narrow  beam  along  a  relatively  short  antenna  length  and  then  moving  the  antenna 
around  the  target  one  antenna  length  (or  rotating  the  target)  and  scanning  again,  a 
radar  image  can  be  obtained.  It  should  be  noted  that  the  narrow  beam  scanning  is  in  an 
overlapping  fashion  such  that  the  separate  scans  will  appear  as  one  continuous  scan 
along  the  hypothetical  long  antenna  (i.e.,  along  the  'synthetic  aperture").  For  our 
analytical  purposes,  this  can  be  accomplished  by  continuously  receiving  a  narrow-beam 
target  reflection  while  continuously  rotating  the  target  at  least  180  degrees  in  aspect 
(assuming  target  symmetry).  The  "reflection"  utilized  here  is  the  target  Radar  Cross 
Section  (RCS)  as  developed  previously. 


4-5 


To  illustrate  this  methodology,  an  extremely  simplified  target  has  been  selected.  To 
accomplish  this,  a  scatterer  is  desired  that  will  have  the  same  magnitude  of  return 
(RCS)  for  all  aspects:  thus  eliminating  an  unwanted  variable.  Four  spheres  are  aligned 
in  a  horizontal  plane  in  a  line  extending  outward  from  the  origin.  This  "Line"  is  then 
rotated  about  the  vertical  axis  (Z)  of  rotation  to  provide  the  rotating  aspect  desired. 
A  sketch  of  this  linear  arrangement  as  it  rotates  is  shown  in  Figure  17.  The  sphere  at 
the  origin  should  contribute  no  doppler  since  it  is  rotating  about  its  vertical  axis  of 
symmetry.  The  remaining  3  spheres  can  be  seen  in  the  spectia  of  Figure  18. 

This  combined  spectra  (Figure  18)  of  the  "reflection"  from  all  ir.ajor  scatterers  will 
uniquely  characterize  the  radar  image  of  the  target  and  hence  will  uniquely  characterize 
the  target  itself.  An  additional  benefit  will  be  the  identification  of  the  major 
scatterers  for  a  given  aspect  angle,  and  hence  the  identification  of  the  precise 
surfaces  of  concern  in  an  effort  to  reduce  the  radar  visibility  (or  reduce  the  RCS)  of 
the  target.  It  should  be  noted  that  using  these  analytical  methods,  the  return  from  a 
given  section  of  the  target  can  be  removed  and  the  identification  of  the  scatterers 
involved  and  their  contribution  to  the  overall  complex  spectra  can  be  assessed. 

TARGET  SIGNATURE  SIMULATION  AND  ANALYSIS 


The  validated  target  radar  model  (Figure  12)  is  now  ready  to  be  implemented  in  a  more 
complete  simulation  that  would  graphically  predict  the  receiver  post-detection  video 
signal  that  could  be  expected  for  a  given  threat  engagement.  This  time  varying  signal 
is  the  simulated  radar  target  "SIGNATURE." 

Target  backscatter  profile  analysis  uses  FFT  techniques  to  display  spectra  showing  the 
dominant  scatterers  of  the  doppler  signatures  for  a  given  sensor  target  encounter 
(Figures  11  and  12).  This  approach  has  provided  a  "measure  of  goodness"  for  comparing 
dynamic  target  models  in  RCS  terms.  The  doppler  signatures,  although  broadband,  may  be 
analyzed  using  computer  techniques  to  display  RCS  and  glint  interaction  for  each 
specific  encounter.  The  first  RCS  plot  (Figure  19)  was  derived  from  typical  measured 
doppler  data  of  a  full-size  missile.  Figure  20  is  the  original  doppler  data  from  which 
the  RCS  plot  was  derived.  Using  the  same  program,  the  computer  generated  doppler 
signature  may  be  analyzed  to  produce  a  plot  of  its  RCS  data  (Figure  21). 

Another  presentation  of  the  same  dynamic  doppler  data  from  the  spectral  viewpoint 
produces  3D  plots  of  the  multiscatterer  profile  of  the  target  along  the  intercept  path. 
This  program  divides  the  time-series  target  signature  waveform  data  into  user  specified 
sections,  computes  the  power  spectra  for  each  section,  and  plots  each  result  so  that  the 
entire  dynamic  signature  pattern  in  the  frequency  domain  may  be  viewed  in  either  two  or 
three  dimensions.  Figure  22  plots  the  backscatter  profile  for  the  same  target  at  a 
higher  frequency.  Figure  23  plots  the  backscatter  profile  of  the  simulated  missile 
target  from  the  data  used  to  plot  Figure  21.  Plots  of  this  type  can  be  used  to 
determine  the  number  of  scatterers  on  the  target,  their  relative  strengths  as  seen  by 
the  RF  Source  at  each  period  of  time,  and  their  origin  on  the  target  body. 

For  the  target  in  Figure  12,  typical  signatures  plotted  by  MR  WISARD  for  the  helicopter 
and  the  rotating  blades  alone  is  displayed  in  Figure  25.  The  multi-spectra  request 
"TDPOW"  implicitly  invokes  multiple  FFT  transformations  of  sequential  sections  of  the 
time  domain  signal,  resulting  in  a  plot  of  14  spectra  stacked  in  pseudo  3D  fashion.  The 
time  domain  signal  is  divided  into  14  time  sections  and  each  section  is  FFT  transformed 
and  plotted  separately.  Figure  26  displays  the  total  return  spectra  (a)  and  the  blade 
only  return  spectra  (b). 

Another  technique  for  investigating  relative  scatterer  contt lourions  has  also  been 
developed.  This  may  be  considered  a  "goodness  of  fit"  verification  technique.  A  3D 
plot  of  the  ratio  of  the  Fourier  transform  of  each  of  two  signatures  for  a  particular 
encounter  plotted  as  relative  difference  versus  the  frequenct  and  time  dimensions  allows 
a  comparison  of  any  two  real  signatures  (or  one  real  and  one  simulated)  and  reveals  the 
fundamental  scatterer  characteristics.  Both  signatures  must  have  the  same  target 
coordinate  characteristics  for  the  plots  to  be  meaningful.  In  Figure  24,  a  simulated 
target  signature  is  compared  with  a  typical  reference  sphere  signature  for  the  same 
target  intercept  conditions,  revealing  the  RCS  differences  of  complex  targets  alongside 
the  target  at  a  close  miss  distance. 

It  can  be  shown  that  the  target  model  detail  of  the  backscatter  analysis  is  similar  to 
the  target  imagery  analysis  (see  Figure  27).  For  the  first  time,  target  model  detail 
may  be  extracted  from  either  radar  target  data  or  sensor  doppler  signatures.  Each 
picture  represents  the  same  level  of  target  detail,  i.e.,  the  flipside  of  the  same  two- 
way  mirror;  both  data  sets  may  be  expressed  in  either  2D  or  3D  graphics. 

SIGNAL  PROCESSING  SIMULATION  AND  ANALYSIS 

Paralleling  the  development  of  increasingly  complex  microelectronic  circuits  and 
systems,  such  as  large  scale  integrated  circuits,  macromodeling  programs  have  become 
quite  indispensable  as  design  tools.  They  have  helped  to  speed  up  design  cycles,  reduce 
redesign,  and  enhance  reliability  prediction.  In  modeling  a  complete  electronic  circuit 
design,  each  integrated  circuit  or  microprocessor  based  system  is  represented  by  a  macro 
model  that  describes  that  particular  functional  .system  block.  Each  component  is 
validated  separately  in  its  own  test  simulation.  The  subsystem  functional  blocks  are 
combined  to  describe  a  complete  signal  processor.  Macromodeling  techniques  have  been 
used  to  describe  and  analyze  typical  bandpass  amplifier  receivers  for  processing  doppler 
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signals  as  well  as  to  describe  and  analyze  more  sophisticated  approaches  involving 
bandpass  limiters,  phase  locked  loops,  and  digital  frequency  discrimination  circuits. 

In  many  conventional  receiver  designs,  the  signal  processor  will  recognize  the  received 
doppler  signal  when  the  amplitude  and  frequency  of  the  doppler  return  signal  are 
appropriate  to  trigger  a  decision  circuit.  Since  the  simple  radio  receiver  is  basically 
an  amplitude  sensitive  device,  the  trigger  position  depends  on  target  aspect,  type  of 
target,  distribution  of  receiver  sensitivities,  amplifier  characteristics,  and 
variations  in  transmitter  sensitivity. 

The  macro  model  of  the  conventional  system  consists  of  two  operational  amplifiers  with 
the  same  feedback  and  passive  filter  components  as  the  real  system  (Figure  28).  An 
ideal  limiter  represents  the  zener  diode  limiter  in  the  second  amplifier  stage.  The 
transistor  fed  from  the  limiter  circuit  acts  as  a  saturated  diode  for  positive  going 
pulses  above  the  transistor  base  voltage  and  acts  as  a  unity  gain  inverting  amplifier 
for  pulses  going  negative  with  respect  to  the  transistor  base  voltage.  A  functional 
model  of  this  full  wave  rectifier  output  is  filtered  in  an  integrator  and  fed  into  a 
functional  model  of  the  SCR  decision  circuit. 

Figure  29  shows  conventional  receiver  performance  with  a  moderate  relative  velocity  and 
a  perpendicular  miss  distance  of  30  feet.  The  final  trigger  integrator  of  the  doppler 
signal  is  building  up  a  voltage  and  finally  fires  at  a  horizontal  distance  of  22  feet 
between  receiver  and  target  while  the  optimum  firing  point  is  33  feet  from  the  target. 

Recent  advances  in  microelectronic  products  for  signal  processing  and  computing 
circuitry  have  led  to  the  development  of  quite  sophisticated  doppler  processing 
techniques.  These  new  processing  schemes  allow  a  doppler  receiver  to  "adapt"  to  varying 
relative  target  velocity  considerations  using  computer  techniques.  These  methods 
provide  a  more  accurate  signal  frequency  discrimination  over  a  wide  range  of  encounter 
doppler  velocities. 

One  processing  technique  utilizes  the  phase  locked  loop  analog  voltages  directly  to 
achieve  frequency  discrimination  of  the  input  doppler  signal.  Figure  30  is  a  diagram  of 
the  signal  processing  building  blocks  that  make  up  the  signal  and  noise  simulation  and 
the  doppler  frequency  signal  processor. 

The  PLL  detection  technique  has  been  applied  to  many  different  electronic  processing 
systems.  Simple  systems  use  the  acquisition  characteristics  and  the  quadrature  "lock 
indicator"  technique  to  indicate  whether  a  signal  is  present  ’n  a  noisy  environment.  In 
more  complex  signal  processing  systems,  the  PLL  may  be  used  at  the  output  of  a  doppler 
receiver  as  a  tracking  filter.  The  VCO  output  may  be  processed  to  determine  the 
frequency  content  of  the  doppler  signal  and  this  may  initiate  even  further  processing 
circuitry. 

The  bandpass  limiter  characteristics  can  be  tailored  to  optimize  PLL  response  in  the 
presence  of  noise  and  a  large  dynamic  range  of  signal  amplitude.  This  circuit  has 
replaced  the  typical  automatic  gain  control  (AGO  amplifier  scheme  previously  used  to 
process  signals  with  a  large  amplitude  dynamic  range.  The  idealized  gain  elements  used 
may  be  replaced  with  operational  am.plifier  macromodels  to  determine  realistic  bandpass 
variations  for  an  analysis  of  acceptable  circuit  and  system  variations.  A  second-order 
PLL  filter  with  provisions  for  additional  loop  gain  is  provided  for  a  wide  band  tracking 
capability. 

This  signal  processor  is  part  of  a  large  scale  doppler  receiver  system  analysis  program 
that  compares  the  capabilities  of  conventional  signal  processing  techniques  with  various 
PLL  processors.  Macro-modeling  techniques  can  help  evaluate  velocity  dependent  trigger 
position  accuracy,  noise  discrimination,  different  modulation  techniques,  transmitter 
oscillator  frequency  and  sensitivity  effects,  as  well  as  jamming  and  other  environmental 
effects  on  receiver  performance. 

Recent  computer  simulation  techniques  have  been  applied  to  model  adaptive  digital 
filters  such  an  LMS  and  Kalman,  and  also  digital  PLL  tracking  types.  Quantization 
errors  of  A/D  functions  and  digital  sampling  errors  of  sample  rate  dependent 
microprocessor  implementations  can  be  controlled  to  investigate  presently  realized 
filters  that  use  advanced  microprocessor  devices.  A  block  diagram  of  the  simulation 
methodology  describing  the  key  modules  of  this  signal  processor  scheme  is  found  in 
Figure  31  and  discussed  in  the  next  few  paragraphs. 

The  signal  processor  simulation  contains  the  processor  model  with  its  analog-to-digital 
converter  and  sampling  limitations,  and  the  waveform  analysis  of  processed  data. 
Various  signal  processing  functions  or  modules  are  implemented  within  this  processor 
model.  These  include  the  processor  implementation  of  the  Analog  to  Digital  Converter, 
noise  filtering  algorithms  and  the  tracking  loop  model.  A  digital  macromodel  of  a 
system  executive  will  interact  with  various  data  from  each  processing  function  to  make 
appropriate  control  decisions. 

The  simulated  system  will  begin  with  a  signal  generator  simulating  realistic  test 
signals  to  evaluate  system  response.  This  simulated  signal  will  then  drive  a  NET-2 
program  which  simulates  the  hardware  implementation  of  the  quantization  limiter  module. 
The  analysis  program  (MR  WISARD)  provides  the  time  and  frequency  domain  graphic  analysis 
of  these  signals. 
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QUANTIZATION/LIMITING  MODULE 

The  complex  signature,  with  additive  signal  and  noise,  is  passed  to  a  quantization/ 
limiter  step.  Figure  32.  Since  frequency  and  phase  information  is  of  interest,  limiting 
is  necessary  to  minimize  amplitude  sensitivity.  Quantizations  may  be  performed  on 
separate  signatures  to  test  the  effects  of  sampling  on  the  signal,  noise,  and  noisy 
signal  separately.  Since  testing  with  partial  signals  usually  is  not  realistic  in 
hardware,  simulation  provides  the  user  with  this  additional  analytical  tool.  This 
module  runs  at  a  higher  rate  than  other  modules  in  the  simulation  execution.  Various 
modules  within  the  simulation  run  at  differing  sampling  rates,  allowing  them  to  more 
closely  replicate  the  operation  of  the  hardware  and  firmware  chosen  to  implement  the 
optimized  signal  processor  scheme. 

ADAPTIVE  FILTER 

The  output  of  the  quantizer  is  passed  to  the  adaptive  filter  module  (Figure  33).  In 
this  example,  an  LMS  HR  digital  filter  is  modeled.  The  representation  of  this  filter 
bloc)c  is  shown  in  Figure  34  and  its  block  diagram  in  Figure  35. 

Various  signals  encountered  in  the  LMS  filter  simulation  are  shown  in  Figure  36.  Figure 
36  shows  filter  operation  for  a  SNR  of  -20  db  using  MR  WISARD  graphics.  The  filter 
output  (Figure  36  g)  exhibits  the  adaptation  process  during  approximately  the  first  7  to 
8  cycles  of  the  output  sinusoid;  this  rate  of  adaptation  will  depend  on  the  accuracy 
with  which  the  filter  coefficients  are  preset. 

PHASE  LOCKED  LOOP  SYSTEM  MODULE 


The  adaptive  filter  output  is  passed  to  the  PLL  system  module.  Figure  37.  A  block 
diagram  of  the  PLL  can  be  seen  in  Figure  38.  The  PLL  model  (Figure  39)  is  described 
using  the  NET-2  system  elements.  Two  macro-models  can  be  seen  in  Figure  39.  "AW" 
describes  the  third  order  correction  model  for  the  loop. 

It  will  be  noted  that  the  loop  VCO  consists  of  an  integrator  element  followed  by  a 
"SINCOS"  element  that  outputs  two  signals  proportional  to  the  sine  and  cosine  functions 
of  the  phase  input  to  serve  in  quadrature  detection  and  lock  indication  applications. 
The  lock  indicator  is  included  in  this  model  description. 

SYSTEM  EVALUATION  AND  PERFORMANCE  ASSESSMENT 

Once  a  system  model  has  been  thoroughly  analyzed  in  a  deterministic  fashion,  its 
performance  may  be  studied  from  a  'stochastic'  viewpoint  as  well.  Key  contributors  in 
the  target  noise  and  clutter  models  may  be  assigned  distribution  patterns  based  on  an 
analysis  of  the  stochastic  nature  of  these  signatures.  Also,  trajectory 
characteristics,  RF,  electronic  circuit  and  system  elements  may  be  assigned  distribution 
patterns.  A  transient  Monte  Carlo  Simulation  involving  many  cases  per  simulation  run 
and  many  runs  has  provided  Fuze  system  performance  predictions  that  could  not  have  been 
duplicated  even  with  the  extensive  testing  of  hardware  against  full  size  targets. 

The  stochastic  approach  utilizing  the  Monte  Carlo  technique  proceeds  as  follows.  The 
target  signatures  are  created  for  all  specified  trajectories.  The  returns  from  key 
target  scatterers  in  the  model  are  generated  separately  from  the  main  target  signature 
and  are  preserved  along  with  the  main  target  signature.  A  distribution  is  assigned  to 
these  key  scatterers  including  variations  in  the  target  signature  (target,  noise, 
clutter,  and  trajectory  variations).  For  each  transient  Monte  Carlo  case,  the  elements 
of  the  target  signals  are  summed  at  each  time  interval  to  calculate  the  target 
signature.  Also,  key  elements  in  the  system  model  representing  medium  values  are 
assigned  distribution  functions  as  well.  Utilizing  NET-2,  the  transient  Monte  Carlo 
analysis  of  the  system  provides  an  excellent  view  of  system  function  point  performance. 
The  target  trajectory  profile  must  correlate  with  the  analysis  of  system  effectiveness. 

The  evaluation  of  system  effectiveness  requires  a  realistic  determination  of  target 
vulnerability,  and  the  effectiveness  of  the  weapon  system,  with  realistic  estimates  of 
the  damage  to  the  target  that  are  to  be  expected.  In  order  to  project  the  fragmentation 
damage  that  would  occur  to  the  target,  a  realistic  projection  of  the  impact  of 
fragmentation  on  various  vital  components  of  the  target  is  required.  In  order  to 
translate  the  statistics  of  fragmentation  damage  into  a  form  readily  visualized  (graphic 
representation  in  3-D  space),  the  target  along  with  the  fragmentation  damage  to  the  skin 
and  vital  components  has  been  found  most  effective.  This  spatial  representation  of  the 
damaged  target  must  appear  as  if  being  viewed  through  a  "window."  This  visualization 
technique  emphasizes  the  ability  to  move  the  target  closer  or  more  distant  and  to  rotate 
the  target  to  any  desired  orientation  in  3-D  space  in  order  to  view  the  actual  fragment 
impact  pattern,  much  like  the  manual  manipulation  of  a  small  scale  model  of  the  target. 
This  tool  has  been  most  effective  in  visualizing  the  effectiveness  of  the  overall 
engagement  and  the  fragmentation  damage  to  the  target  in  particular.  For  this  method, 
the  target  is  represented  using  color  graphics  with  different  colors  emphasizing  items 
of  special  interest  such  as  the  visible  hits  or  fragmentation  damage  pattern,  and 
possibly  the  vital  internal  components  also  highlighted  in  a  contrasting  color.  This 
technique  creates  an  easily  visualized  sense  of  reality  for  the  encounter  and  very 
effectively  aids  in  an  easily  visualized  assessment  of  system  effectiveness  against  the 
target  of  interest. 
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This  detailed  three  dimensional  target  description  is  the  target  vulnerability  model. 
The  target  is  described  in  terms  of  non-vital  components,  shielding  plates  and  vital 
components.  These  components  and  plates  are  positioned  in  three  dimensional  space  in  a 
cartesian  coordinate  system  about  the  target.  The  non-vital  components  serve  to  act  as 
shielding  plates  for  vital  components.  The  vital  components  are  those  components  which 
are  necessary  for  the  success  of  a  particular  target  function  or  mission.  These 
components  cause  a  loss  of  function  or  mission  capability  when  damaged. 

The  systems  effectiveness  analysis  generates  a  3-D  grid  of  weapon  burst  points  about  the 
target.  The  model  then  requires  a  detailed  representation  of  weapons  damage  mechanism, 
be  it  blast,  fragmentation,  etc.  The  weapon  is  given  certain  dynamic  characteristics 
such  as  weapon  velocity,  fragmentation  velocity  and  angle,  etc.,  and  is  simulated  to 
burst  at  each  of  the  system  trigger  points  previously  generated.  The  damage  mechanism 
is  traced  to  a  vulnerable  area  on  each  vital  component  and  the  penetration  mechanisms 
are  calculated.  The  residual  damage  to  each  of  the  vital  components  is  computed  and  the 
conditional  damage  or  kill  is  calculated,  based  on  the  density  of  the  fragmentation 
pattern  and  the  vulnerable  areas  presented  by  the  vital  components. 

These  statistics  are  then  stored  for  additional  analysis.  The  program  requires  as  input 
a  vulnerability  schematic  displaying  how  the  vital  components  are  combined  to  comprise 
the  particular  system  function  or  mission  from  which  system  kill  probabilities  can  be 
calculated.  Consequently,  the  weapon  system  delivery  accuracy  and  fuzing  and  other 
weapons  characteristics  can  be  input  to  the  model  to  generate  system  scenario  kill 
probabilities. 

For  example,  a  warhead's  fragmentation  characteristics  have  been  described  and  the 
trigger  point  and  engagement  encounters  have  been  specified  (Figure  40).  The 
fragmentation  hits  are  displayed  graphically  as  enlarged  squares  on  the  target  model. 
Under  the  target  skin,  component  vulnerability  criterion  has  been  established  and  a 
listing  of  component  damage  is  generated. 

CONCLUSION 

This  system  simulation  methodology  provides  a  wide  range  of  capabilities  for  the 
development,  verification  and  validation  of  models  and  future  systems.  These  user 
friendly  tools  uniquely  combine  flexibility  and  ease  of  implementation  to  develop 
engineering  solutions.  The  tools  allow  the  user  to  quickly  adapt  his  or  her  modeling 
tasks  and  techniques  to  the  requirements  of  each  application. 

This  report  highlighted  a  discussion  of  the  analytical  approach  and  unique  color 
graphics  computer  tools  that  assisted  in  the  analysis,  characterization,  and  simulation 
of  complex  target  signal  returns  for  short  range  radar  sensors.  The  insight  developed 
by  the  use  of  these  techniques  helped  develop  accurate  target  models  which  have  been 
verified  by  using  data  taken  against  real  full-scale  and  fractional-scale  targets. 

The  ability  to  easily  manage  the  simulation  process  allows  the  user  time  to  concentrate 
on  the  phenomena  to  be  analyzed  and  minimizes  time  spent  on  computer  data  and  file 
management  tasks.  The  repertoire  of  software  tools  and  data  displays  allows  the  user 
flexibility  in  choosing  the  best  solution.  The  synergistic  effects  achievable  with  this 
approach  to  simulation  have  produced  new  and  effective  ways  of  solving  problems  not 
possible  with  more  conventional  approaches. 
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Figure  1.  Methodology  of  Smart  Munitions  Effectiveness  (Sheet  1  of  2 ) 
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Figure  3 . 


Flow  Diagram  for  Graphics  Driven  Radar  Target  Modeling 
(with  References  to  Subsequent  Figures) 


Figure  4.  User  Friendly  Signal  Modeling  Electronic  System  Simulation 
and  Evaluation  Methodology  (Sheet  1  of  2) 
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Figure  4.  User  Friendly  Signal  Modeling  Electronic  System  Simulation 
and  Evaluation  Methodology  (Sheet  2  of  2) 
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Figure  5.  Sample  of  Interactive  Sessi^^a 
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Ficiure  8.  Multi  Sequential  Modeling  Technique 
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Figure  9.  Ship  Burst  Data  Comparisons 
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Figure  10. 


System  Performance  Assessment 
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Figure  11.  Aircraft  Target  Image 


MX-10-100(192)-13 


Figure  12.  Helicopter  Target  Image 


Figure  13.  Tank  Target  Image 
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Figure  17.  SAR  Imaging  4-Sphere  Target  Geometry 
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Figure  21.  RSC  of  Missile 
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Figure  22.  Time  Vs.  Vreguency  Vs.  SPECTRA  Backscatter  Profile  of 
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Figure  23.  Backscatter  Profile  of  Simulated  Missile 
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Figure  27.  Helicopter  SAR  SPECTRAL  Imaging  and  Signature  Backscatter 
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Figure  29.  Output  of  Doppler  Receiver  Model 
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Figure  34.  Adaptive  Filter 


Figure  35.  LMS  Model  Described  in  Net-2 


Figure  39.  PLL  Model  with  Net-2  System  Elements 
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This  paper  outlines  the  criteria  used  in  the  design  of  a  Hardware- in- the-Loop  (HID  simulation 
facility.  Although  the  paper  deals  with  a  missile  interceptor  facility,  the  criteria  are  directly  appli¬ 
cable  to  any  electronic  weapon  system  simulation  facility.  The  first  step  in  the  process  is  defining 
the  role  that  the  facility  will  play  in  the  development  cycle.  Facility  requirements  which  drive  the 
model  and  data  requirements  are  then  defined  and  the  facility  design  follows  from  the  requirements.  Fol¬ 
lowing  completion  of  the  facility  development  is  the  conduct  of  system  integration  tests. 
Verification/validation  criteria  are  established  and  met,  and  the  process  is  complete,  allowing  the 
facility  operation  to  begin.  Facility  (^ration  and  maintenance  become  ongoing  functions. 

1.  nmuDocncH 

As  systems  have  become  more  complex,  the  task  of  testing  these  systems  has  also  increased  in 
difficulty.  This  is  true  at  all  levels  of  system  development:  canponent  design,  module  test,  system 
integration,  and  system  testing.  This  paper  deals  with  the  area  of  system  testing,  specifically  the 
design  and  development  of  hardware- in- the -loop  (HIL)  simulation  facilities  to  be  used  for  the  conduct  of 
system  tests. 

This  paper  defines  the  criteria  that  should  be  considered  in  the  design  of  the  facility  itself.  It 
discusses  the  requirements  driving  the  system  design  in  the  context  of  a  physically  and  momentarily- 
limited  world.  The  reasons  for  Implementing  (or  not  implementing)  a  HIL  simulation  are  many,  and  will 
not  be  dealt  with  here.  It  is  assumed  that  good  and  sufficient  reasons  exist  for  developing  a  HIL  simu¬ 
lation  tool. 

The  author's  major  area  of  expertise  has  been  in  the  design  of  air-to-air,  and  ground-to-air  mis¬ 
sile  systems.  The  paper's  examples  will  necessarily  emphasize  this  view.  The  principles  presented, 
hcwevet,  are  usable  in  the  design  of  any  facility  being  developed  for  the  testing  of  modern  electronic 
weapon  systems. 

2.  DESIGN  CaiTBRlA 

There  are  many  factors  that  drive  the  design  of  a  HIL  facility.  The  major  ones  are: 

System  Requirements 
Modeling  Requirements 
Data  Requirements 
Verification/Validation 
Facility  Design 
Integration  and  Repair 
Facility  Use  and  Maintenance 

The  design  criteria  for  a  HIL  facility  must  start  with  the  system  to  oe  tested.  This  is  the  pri¬ 
mary  source  from  which  the  rest  of  the  facility  design  is  derived.  System  requirements  dictate  the 
modeling  requirements  for  both  the  sytem  and  environment.  The  system  and  the  models  determine  what  data 
is  available  and  lead  to  the  data  requirements.  These  in  turn  are  used  as  the  basis  for  verification 
and  validation  decisions.  All  of  the  above  requirements  ate  used  to  decide  upon  the  details  of  the 
facility  design  Itself.  The  facility  design  requirements  lead  in  turn  to  the  requirements  for  integra¬ 
tion  and  repair,  and  these  ace  used  for  maintenance  and  usability  requirements. 

These  criteria  are  shown  plctorlally  in  Figure  1.  This  figure  is  intended  to  show  how  the  design 
requirements  for  one  pact  of  the  facility  Influence  the  requirements  for  the  next  area.  It  also  shows 
how  the  requirements  spread  and  become  more  extensive  at  the  lower  levels.  The  design  is  driven  by  the 
system  under  test,  but  the  requirements  for  use  and  maintenance  determine  the  ultimate  usability  and 
friendliness  of  the  facility. 

2.1  System  Rsquiramsnts 

The  requirements  of  the  system  to  be  tested  are  certainly  the  major  drivers  in  the  design  of  a  HIL 
facility.  Fecllities  are  designed  for  one  system,  or  at  best,  a  family  of  systems,  although  additional 
capability  should  be  built  in  to  permit  change  whenever  possible. 

A  good  facility  should  be  designed  to  have  "better"  specifications  than  the  system  under  test.  The 
facility  design  should  be  such  that  all  of  the  performance  or  test  limitations  originate  in  the  system 
under  test  and  not  in  the  facility.  The  speed,  accuracy,  precision,  and  capabilities  of  the  facility 
are  driven  by  the  system  to  be  sufficient  to  handle  various  system  modes  2md  capabilities.  Eventually 
momentary  considerations  enter  into  the  decisions  affecting  facility  limitations.  If  the  final  design 
has  limitations,  they  should  be  determined  early  in  the  development  process. 

The  defined  purpose  of  the  feKillity  becomes  a  very  Important  driver  in  how  the  facility  must  be 
designed  to  meet  the  system  requirements.  A  facility  designed  for  system  integration  may  have  to  handle 
only  certain  subsystems  or  modes  and  may  be  designed  such  that  the  possible  system  configuration  and 


5-2 


Figure  1.  Design  Criteria 


tests  are  limited.  A  facility  designed  for  system  evaluation  need  only  be  concerned  with  environments 
and  capabilities  within  the  defined  system  performance  bounds.  A  training  facility  must  provide  very 
accurate  stimulus  and  response  at  the  operator  interface,  but  it  need  not  be  as  accurate  In  other  areas. 

A  facility  whose  purpose  is  to  support  system  design  needs  to  provide  accurate  stimuli  and 
responses  over  the  complete  extent  of  the  design  region.  This  would  include  many  types  of  environmental 
stimuli  in  varying  ccmbinatlons  as  well  as  accurate  responses  over  the  ccmplete  system  envelope.  The 
ability  should  be  present  to  provide  a  wide  range  of  error  sources  to  the  system. 

In  general,  the  facility  should  be  designed  with  a  view  toward  future  upgrades  and  improvements 
because  very  few  systems  are  static.  Facilities  should  be  designed  with  excess  capabilities  so  that 
changes  and  improvements  can  be  implemented  quickly  and  easily. 

2.2  Hodellng  Requirements 

The  modeling  requirements  for  a  HIL  facility  should  be  based  on  a  large  number  of  criteria  includ¬ 
ing  the  system  requlrer  nts  already  determined  for  the  facility,  envelope  of  testing,  environments,  and 
desired  fidelity. 

If  not  all  of  the  system  to  be  tested  is  present  in  the  facility,  itodels  of  the  missing  sections 
must  be  provided.  This  is  the  common  case  for  missile  systems  where  subsystems  such  as  the  rocket  motor 
and  warhead  cannot  be  safely  tested.  Models  need  to  be  developed  for  as  much  or  as  little  of  the  system 
as  is  determined  necessary  to  fulfill  the  basic  facility  requirements.  Options  should  be  available  that 
allow  model  or  hardware  selection  for  certain  functions. 

A  typical  example  of  model/hardware  capability  is  the  area  of  the  missile  control  actuator  section 
(CAS).  The  simulation  normally  has  the  CAS  hardware  in  addition  to  the  CAS  model.  Running  with  a  real 
CAS  puts  unnecessary  wear  and  tear  on  the  hardware.  The  CAS  models  are  very  representative  of  the  hard¬ 
ware  and  give  excellent  results.  The  actual  CAS  is  used  for  Integration  and  verification  runs  while  the 

model  can  be  selected  for  routine  missions. 

The  other  area  to  be  modolod  ic  the  environment  in  which  the  system  is  to  be  tested.  Models  must 
be  defined  to  provide  the  proper  stimulus  to  the  system  under  test.  Including  both  "signal"  and  "noise". 
Decisions  must  be  made  about  how  many  and  what  type  of  system  stimuli  should  be  presented  to  the  system. 

These  should  Include  signals  that  the  system  is  designed  to  identify  and  measure,  as  well  as  error 

sources  both  man-made  and  natural  that  the  system  must  deal  with. 

The  definition  of  these  models  will  determine  the  envelope  of  conditions  for  which  testing  in  the 
facility  can  be  considered  valid.  Once  the  types  of  models  are  determined,  the  next  decisions  to  be 
made  are  on  the  fidelity  of  the  modeling.  The  models  should  be  as  real  as  required  to  fulfill  the  basic 
facility  requirements.  The  basic  rule  to  remember  is  that  the  models  should  not  be  the  limiting  factor 
on  determining  system  performance.  In  this  area  again,  flexibility  and  generality  should  be  strived  for 

This  is  not  to  imply  that  the  best  model  is  always  the  most  complex  model.  Overly  complex  models 
are  costly  and  difficult  to  develop  and  implement.  Integration  and  test  efforts  are  made  more  difficult 
since  the  data  is  harder  to  understand  and  analyze.  Modeling  complexity  should  be  balanced  across  the 
system  and  be  consistent  with  the  needs  and  purpose  of  the  facility.  Models  should  be  flexible  so  that 
the  level  of  complexity  can  be  changed  as  the  situation  requires.  Target  models  and  clutter  can  be 
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detailed  or  relatively  staple.  In  many  instances,  staple  clutter  aodels  and  constant  cross  section  tar¬ 
gets  are  adequate  for  an  integration  test,  but  a  mission  preflight  requires  a  realistic  complex  target 
model  ana  realistic  clutter  models. 

Once  the  models  are  decided  on,  the  ‘best*  smans  of  iapleaentation  must  be  determined.  Models  can 
be  implasented  in  hardware,  software,  or  a  combination.  The  realism  and  high  bandwidth  of  dedicated 
hardware  need  to  be  traded  against  the  high  design  and  implementation  costs  as  well  as  the  lack  of  flexi¬ 
bility.  The  flexibility  of  software  needs  to  be  traded  against  the  availability  and  speed  of  the  com¬ 
puter  hardware  and  the  possibly  complex  hardware/software  interfaces. 

For  example,  take  the  development  of  a  target  model  for  a  missile  simulation.  Based  on  the  system 
re<)ilrements,  the  modeling  detail  can  be  determined.  Decisions  can  be  stade  on  the  number  of  targets, 
the  type  of  targets,  and  the  important  defining  characteristics  of  the  possibly  many  target  types.  Tar¬ 
get  characteristics  should  be  independent  wherever  possible  to  allow  the  greatest  operating  freedom. 
Generic  models  with  a  large  number  of  changeable  parameters  are  to  be  preferred  over  many  very  specific 
models  of  particular  target  type.  It  takes  about  the  same  euiount  of  time  to  define,  build,  and  debug  a 
generic  model  as  it  does  one  where  all  the  parameters  are  hardwired  into  the  software. 

Once  the  models  are  defined,  the  means  of  implementation  can  be  determined.  For  a  target  model, 
one  possible  implementation  would  have  the  basic  model  and  logic  contained  in  software  on  the  main  simu¬ 
lation  cogputer.  This  software  would  generate  the  basic  target  parasieters,  l.e.,  position,  velocity, 
range,  and  amplitude.  This  Information  oould  then  be  passed  to  dedicated  facility  mini-  or  micro¬ 
computers.  These  ccmputers  would  perform  the  task  of  translating  the  signals  into  a  form  usable  by  the 
facility  hardware,  i.e.,  the  right  number  of  bits  and  format.  They  would  also  correct  any  facility 
imperfections  due  to  hardware  differences  or  known  implementation  Inaccuracies,  such  as  channel-to- 
channel  differences.  Finally,  the  signals  would  be  passed  to  the  dedicated  facility  hardware  whose  wide 
bandwidth  and  speed  would  generate  the  signals  to  be  seen  by  the  seeker. 

2.3  Data  Requirements 

The  simulation  design  must  include  the  ability  to  provide  sufficient  data  to  perform  its  intended 
function.  This  could  include  integration,  design  verification,  pre-and  post-flight,  and  performemce  dem¬ 
onstration  of  both  the  simulatior  and  system  under  test.  The  sources  of  data  during  simulation  include 
test  points,  system  telemetry  and  computer  output,  simulation  computer  digital  output,  strip  charts,  and 
recording  of  Interface  signals  when  eqiplicable.  The  output  must  be  tailored  for  specialized  testing. 

During  integration,  the  data  requirements  focus  more  on  the  stimuli  and  signals  that  exist  on  the 
interfaces.  Referring  to  Figure  2,  the  critical  areas  become  the  signals  on  the  mlssile-to-slmulatlon 
computer  Interface,  the  signals  on  the  simulation  computet,  and  the  simulation  computers  to  the  environ¬ 
ment  models.  Referring  to  the  example  of  Figure  2,  these  signals  would  be  at  interfaces  B  and  C.  Dur¬ 
ing  integration  it  also  becomes  important  to  record  specific  levels  within  the  system  software  to  make 
sure  that  functions  are  being  activated  at  proper  levels.  The  data  collected  during  integration  must 
verify  the  path  gains  and  continuity.  The  data  must  be  inclusive  enough  to  resK>ve  doubts  about  the  per¬ 
formance  of  open  loop  functions. 

The  proper  balance  between  real  time  data  and  delayed  output  (oom{»ter  data  reduction)  must  be 
such  that  the  success  of  the  test  (meeting  test  objectives)  is  achieved.  As  an  example,  during  an  auto¬ 
pilot  open  loop  test,  the  real  time  requirement  would  be  to  record  in  real  time  the  autopilot  input 


Figure  2.  Simulation  Data  Sources 
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(acceleration  coMeand)  and  autopilot  output  (fin  coaaand) .  The  details  of  the  test  (loop  gain  and  path 
gedn)  are  verified  offline  through  euialysis  data. 

An  exaiple  of  the  real  tiae  and  non-real  tian  data  required  for  an  autqpilot  open  loop  test  is 
shown  in  Figure  3.  The  acceleration  ocnaand,  fin  coaoeand,  and  gyro  input  are  recorded  on  a  real  tiae 
recorder,  and  provide  a  quick  usessMnt  of  the  autopilot  test  acceptability.  The  non-real  tiae 
printout  contains  a  listing  of  the  real  tiae  quantities  in  addition  to  some  interaediate  quantities  that 
can  be  used  to  evaluate  the  Internal  operation.  These  internal  quantities  are  especially  iaportant  if 
the  response  is  not  correct. 

Data  requirffiKnts  change  to  some  extent  during  design  verification.  The  current  philosophy  is  to 
obtain  data  for  specific  verification  of  internal  software  and  hardware  operations  via  specific  verifica¬ 
tion  test.  The  data  reqilrement  would  inpact  real  tine  systen  operation,  but  would  not  be  exercised  dur¬ 
ing  normal  operation,  and  would  not  have  real  time  requirements. 


Figure  3.  Autopilot  Open  Lo(q>  Test  with  Real  and  Non-real  Time  Data 


During  pre-  and  post-flight  analysis,  the  data  requirements  change  to  matching  data  from  flight 
and  providing  enough  data  to  assure  that  performance  is  acceptable.  The  data  now  will  include  the  telem¬ 
etry  (T/M)  from  the  missile  under  test  which  can  be  compared  to  flight  T/M,  and  simulation  computer  data 
to  match  metric  data  from  test  range  instrumentation  (quick  look  radar,  etc). 

The  typical  data  outputs  oontain  24  to  32  real  time  brush  recorder  channels  that  are  typically  the 
same  channels  that  flight  telemetry  provides.  The  data  is  recorded  at  the  seuoe  scale  and  chart  speed  as 
the  flight  data.  The  simulation  brush  recorder  outputs  can  be  converted  to  transparencies  and  be  used 
to  overlay  the  flight  data.  A  similar  process  is  used  to  record  missile/target  trajectory  parameters  on 
plotters  that  can  be  compred  with  the  real  time  instrumentation  from  the  test  range.  This  process  is 
shown  in  Figure  4. 

During  the  performance  demonstration  phase,  the  simulation  data  will  include  missile  T/H  plus  simu¬ 
lation  data  on  missile  trajectory  and  performance.  The  data  will  be  used  in  the  statistical  processing 
of  Monte  Culo  sets  to  provide  min  and  max  values  eis  well  as  miss  distance  histogreuns.  The  post  process¬ 
ing  programs  used  should  have  a  great  deal  of  flexibility.  During  evaluation,  the  need  to  examine  inter¬ 
na..  software  functions  becomes  important  and  changes  to  the  data  processing  are  made  as  required. 

2.4  Vecification/Validation 

The  verification/validation  process  is  needed  to  establish  that  the  simulation  is  a  complete  and 
a  correct  model  of  the  system  it  represents.  Having  achieved  the  verification/validation  objectives, 
the  simulation  is  then  ready  to  demonstrate  system  performance  with  fidelity  over  a  wide  range  of  envi¬ 
ronments. 

In  defining  the  verification/validation  process,  it  is  important  to  define  the  distinctions 
between  these  two  terms.  Verification  is  the  demonstration  that  the  individual  simulation  models  match 
their  hardware/software  requirements  and  that  the  models  were  developed  properly.  Validation  is  demon¬ 
strating  the  ability  of  the  simulation  to  generate  data  that  correctly  represents  the  system  performance. 

The  steps  in  the  process  are  detailed  in  the  following  paragraphs  for  a  system  that  has  a  feunily 
of  Six  Degree  of  Freedom  (6-DOF)  simulations  Including  an  all-math  model  as  well  as  a  hardware-in-the- 
loop.  The  math  model  6-DOP  la  verified  against  theoretical  predictions,  simple  planar  and  3-DOP 
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simulations,  system  requirements,  factory  test  data,  and  flight  test  data.  The  HIL  Is  verified  against 
the  e-DOF  and  subsystem  specs  and  ultimately  is  validated  against  flight  tests.  The  verification/vali¬ 
dation  steps  are  outlined  in  Table  I. 

The  verification  process  begins  with  open  loop  measurements  of  autopilot  path  gain  which  ate  com¬ 
pared  to  factory  specifications.  The  autopilot  feedback  loops  are  closed  and  responses  are  generated 
and  compared  to  the  f-OOF.  The  next  level  of  verification  is  with  the  seeker.  Tests  are  made  to  define 
seeker  characteristics  such  as  noise  versus  signal  strength,  track  quality,  boresight  error  characteris¬ 
tics.  These  results  are  compared  to  seeker  system  specifications.  The  dynamic  seeker  te^ts  are  then 
made  verifying  seeker  stabilization  and  dynamics.  These  results  are  also  compared  to  specifications. 
Systems  responses  to  llne-of-sight  rate  motion  are  made  and  the  response  compared  to  corresponding  6-DOF 
results. 

The  next  step  in  the  verification  process  includes  the  generation  and  comparison  of  several  base¬ 
line  missions.  The  results  up  to  this  point  imply  verification  of  the  6-DOF  and  HIL.  The  validation 
process  then  cospares  simulation  results  with  flight  data. 


ABLE  I 

VERIFICATIOH/VUIDIiTICM  TABLE  FOR  HIL 


Function 

— 

Nhere  Verified 

Nhere  Validated 

Open  Loop  Autopilot 

Performance  Specs 

Ccmparlson  to  Flight  Test/Pactory 
Tests 

Closed  Loop  Autopilot 

Math  Model  6-DOF  Analytical 
Predictions 

Ccmparlson  to  Flight  Test 

Seeker  Dynamics 

Perfocnance  Specs 

Comparison  to  Flight  Test/Pactory 
Tests 

Seeker  R.F.  Characteristics 

Performance  Specs 

Comparison  to  Flight  Test 

Guidance  Mechanization 

Performance  Specs 

Comparison  to  Flight  Test 

Guidance  Loop  Response  Tests 

Performance  Specs  Analytical 
Predictions 

Ccmparlson  to  Flight  Test 

Trajectories 

Math  Model  6-DOP  Analytical 
Predictions 

Comparison  to  Flight  Test 

Engagements 

Beni  91 

Flight  Tests 

Maneuver 

Flight  Tests 
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The  level  of  detail  in  the  validation  program  depends  upon  time  and  funds  available  as  well  as  the 
need  for  the  siaulatlon  to  play  a  itajor  role  in  the  system  developiKnt.  A  program  such  as  a  major  Army 
6round-to-Air  Missile  System  requires  a  great  deal  of  detail  in  the  validation.  The  HIL  predictions  are 
ccmpared  to  flight  and  many  parameters  sudi  as  miss  distance,  trajectories,  acceleration,  body  rates, 
boresight  errors,  seeker  parameters,  S/W  parameters,  iuid  track  quality  are  examined.  In  addition  to  sys¬ 
tem  level  coaparlson,  the  flight  test  data  are  used  to  obtain  time  histories  of  functions  which  were 
used  as  simulation  drivers  to  enhance  the  validation  process. 

2.5  Facility  Daal^i 

The  facility  design  requires  the  introduction  of  hardware  and  software  into  the  simulation  without 
producing  unacceptable  effects  on  performance.  The  hardware  must  be  of  the  required  accuracy,  band¬ 
width,  dynamic  range,  and  the  software  must  be  executed  within  an  allocated  time  and  have  the  required 
word  size  eutd  program  memory.  This  section  will  address  the  criteria  used  to  acccmpllsh  the  design. 

2.5.1  Hardware  Design 

The  simulation  development  approach  at  Raytheon  consists  of  first  developing  an  all-math  model  Six 
Degree  of  Freedom  (6-DOF)  digital  simulation  as  shown  in  Figure  5.  This  simulation  is  very  detailed  but 
runs  many  tiircs  slower  than  real  tine,  making  statistical  runs  rather  expensive.  The  6-DOF  digital 
version  is  converted  to  real  time  hybrid  simulations  where  the  high  speed  rotational  models  and  computa¬ 
tions  are  performed  on  an  analog  computer  or  a  parallel  processor  digital  computer  such  as  an  AO-10. 

The  hybrid  version  running  at  a  very  near  real  time  is  used  to  generate  Monte  Carlo  peformance 
data.  The  hybrid  models  are  common  to  the  6-DOF  digital.  The  6-DOF  hybrid  is  then  used  to  form  the  6- 
DOF  HIL  where  hardware  is  substituted  for  math  acdels.  The  group  of  three  simulations,  as  shown  in  Fig¬ 
ure  6,  becomes  a  family  used  to  assist  in  the  HIL  design.  A  version  of  the  6-DOF  hybrid  or  digital  is 
further  made  to  be  a  model  of  the  hardware-in-the-loop  feicility,  where  the  facility  hardware  is 
represented  in  the  simulation  as  shown  in  Figure  7. 

A  typical  missile  HIL  facility  block  diagram  is  shotm  in  Figure  8.  The  main  elements  of  the  facil¬ 
ity  hardware  include  the  system  interfaces  and  simulation  hardware  including  the  flight  table,  target 
array,  anecholc  chamber,  target  generator,  missile  control  console,  and  data  collection/display. 

The  design  approach  is  to  take  the  6-DOF  digital  isodel  that  represents  the  facility  (Figure  7)  and 
select  hardware  performance  parasMters  based  upon  system  performance.  The  basic  system  model  is  typi¬ 
cally  programmed  on  a  system  level  digital  simulation.  The  facility  hardware  is  added  to  the  simulation 
with  characteristics  as  shown  in  Table  II. 

The  initial  design  parameters  are  specified  using  analytical  methods,  with  the  final  parameters 
selected  using  the  modified  system  simulation.  The  procedure  is  to  select  a  group  of  baseline  cases 
that  exercise  the  extreme  dynamic  ranges  and  compare  performance  with  and  without  the  facility  hardware. 
The  hardware  parameters  are  varied  until  the  performemce  degradation,  if  any,  is  within  acceptable 
levels. 

The  design  parameters  of  a  three  axis  flight  table  (see  Table  III)  are  selected  by  the  following 
process.  The  maximum  pitch,  yaw,  and  roll  displacement,  rates  and  accelerations  are  determined  from  the 
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Figure  5.  System  Siamlation  Model 


Figure  6.  Siaulatlon  Evolution  During  Missile  Develo[]aent  Cycle 


system  requirements.  These  values  can  also  be  confirmed  from  system  simulation  runs  against  different 
target  threats.  The  physical  load  size  la  determined  from  physical  properties  of  the  missile.  The 
allowable  drift  in  the  three  axes  must  be  about  ten  times  better  than  the  missile  sensors  cmd  drifts. 

The  allowable  rate  and  position  noise  is  also  found  by  comparison  to  system  noise  levels.  The  table 
noise  should  be  several  times  lower.  The  allowable  flight  table  bandwldths  are  determined  by  modeling 
the  response  of  the  table  in  the  modified  simulation  of  Figure  7.  The  overall  system  performance  is  dem¬ 
onstrated  with  and  without  the  table  over  a  wide  range  of  conditions,  and  the  table  paiameters  should 
not  impact  the  system  performance. 

Once  the  parameters  are  selected,  the  design  process  continues.  Several  of  the  facility  hardware 
items  are  fairly  standard,  but  some  ate  special  one-of-a-kind  such  modulators,  mixers,  and  switches.  The 
design  that  ensues  must  consider  ease  of  operations,  reliability,  methods  for  change,  and  ease  of  fault 
Isolation.  The  design  should  use  as  many  standard  components  as  possible.  The  standard  components 
could  be  similar  to  the  system's  components.  The  facility  design  should  utilize  as  much  of  the  system 
test  equipment  (or  modification  thereof)  as  possible. 
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FltCILmr  HMBMMIE  IMPACT  ON  STSTBt  MODELS 


Hardware 

Specification 

Method 

Interfaces 

-  Noise 

-  Bit  Size 

-  Thruput 

Model  as  Quantizer  Plus  Noise 

Target  Array 

-  Biases 

-  Steering  Accuracy 

-  Prwer  Variations 

-  Phase  Variations 

Introduce  Target  Position  Errors, 
Cross  Section  Variations,  and  phase 
Errors 

Anechoic  Chamber 

-  Reflection  Levels 

-  Size  of  Quiet  Zone 

Models  as  Multipath  Reflections 

Target  Generator 

-  Range  Delay 

-  Doppler 

-  Power  Level 

-  Precision  and  Accuracy 

Models  as  Variations  on  Target 
Waveform  in  Range  Doppler  and  power 

Missile  Control  Console 

-  Power  Requirements 

-  Voltage  Requirements 

-  Fault  Isolation 

-  Protection 

Evaluate  Effects  of  Power,  Voltage 
Variations,  and  Verify  Test  Sequence 

TABLE  III 

PLI^  TABLE  DESIGN  PAIMMETBRS 


•  Maximum  pitch  Yaw  and  Roll  Displacements 

•  Maximum  Pitch  Yaw  and  Roll  Rates 

•  Maximum  Pitch  Yaw  and  Roll  Accelerat.ion 

•  Physical  Load  size  Length,  Diameter,  Height 

Center  of  Gravity 
Moments  of  inertia 

•  Equivalent  Velocity  and  Position 

•  Bandwidths  and  Denplng  Factors 

•  Allowable  Drift  In  pitch.  Yaw,  and  Roll 

Rates  and  Position 

•  Allowable  Rate  and  Position  Noise 

•  Rate  and  Position  Readout  Accuracy 


2.5.2  Software  Design 


The  software  for  a  HIL  facility  aust  be  designed,  built,  tested,  euvi  verified  with  just  cis  much 
care  and  effort  as  the  facility  hardware.  With  modern  ocnputer  systeas  available,  it  is  very  common  to 
have  more  of  the  facility  function  contained  in  the  software  than  in  dedicated  hardware.  The  software 
is  probably  acre  complex  than  the  hardware,  and  the  total  software  could  cost  acre  than  the  hardware  to 
design,  code,  and  test. 

The  desi^i  process  for  the  facility  software  should  consider  system,  data  modeling,  validation, 
and  verification  recjjireaents.  The  facility  software  must  work  with  the  system  hardware  and  software  as 
well  as  the  facility  hardware.  It  should  be  designed  for  high  visibility  and  testability.  The  capabil¬ 
ity  for  subsystem  testing  should  be  built  into  the  software  with  provisions  made  for  integration,  test, 
and  repair . 

The  software  should  be  made  highly  modular.  This  facilitates  the  develr^naent  and  testing  and 
allows  the  software  to  be  restructured  aore  easily  if  required.  It  also  allows  for  integration  and  sub¬ 
system  testing  with  simple  models  while  providing  as  much  model  complexity  as  is  necessary. 

2.6  Integration  and  Repair  Requirements 

The  facility  design  must  provide  the  visibility  needed  to  perform  integration  testing.  As  noted 
earlier,  the  visibility  during  integration  focuses  more  on  interfaces  and  internal  operation  than  the 
higher  level  visibility  needed  for  performance  operation.  The  facility  design  must  also  have  the  needed 
flexibility  to  inject  test  stimuli  as  needed  for  testing  portions  of  a  system.  The  test  stimuli  are 
often  needed  to  determine  if  particular  level  sensitive  decisions  are  being  made  properly,  such  as  detec¬ 
tion  thresholds  and  signal  levels  which  trigger  various  system  logic  patterns. 

The  HIL  test  facilities  are  playing  an  increasing  role  in  the  integration  of  new  systems.  As  the 
systems  become  more  dependent  on  embedded  software,  the  integration  testing  becomes  more  complex  and  so 
has  the  requirement  to  provide  real  time  inputs  to  the  system  under  test.  The  HIL  facility  is  a  natural 
generator  of  the  real  time  inputs  needed  for  system  integration. 

As  the  integration  process  continues  with  missile  loops  being  closed,  it  is  Imperative  that  a  set 
of  baseline  data  of  open  loop,  subsystem  and  system  closed  loop  tests  be  made  available  as  early  as  pos¬ 
sible.  The  baseline  responses  become  the  data  base  tor  the  fault  isolation  repair  cycle.  During  sys¬ 
tems  evaluation  testing,  baseline  testing  is  performed  on  a  daily  basis  to  assure  the  HIL  readiness.  If 
differences  are  noted,  then  the  testing  falls  back  to  lower  level  integration  tests  to  help  the  fault 
isolation  process.  As  problems  are  identified  with  the  HIL  equipment  the  effective  repairs  should  be 
ccmpleted  quickly.  In  many  instances  the  facility  can  be  put  back  "on-line"  quickly  but  not  with  full 
capability.  The  facility  design  must  address  operation  in  a  contingency  mode. 

2.7  Facility  Ose  and  Maintenance 

Design  decisions  made  in  the  area  of  facility  maintenance  and  usability  determine  how  productive 
and  cost-effective  the  facility  will  be  over  time.  HIL  facilities  tend  to  spend  a  relatively  large  por¬ 
tion  of  time  in  either  repair  or  upgrade.  Good  design  practices  should  minimize  the  difficulty  of  these 
tasks. 


A  HIL  facility  Should  be  designed  with  a  maximum  amount  of  visibility  into  signals  and  functional 
units.  The  facility  should  be  designed  to  allow  automatic  fault  detection  and  isolation  to  the  greatest 
extent  possible.  Test  points  and  intermediate  outputs  should  be  provided  in  both  the  hardware  and 
software. 

In  general,  the  means  of  performing  the  original  Integration  testing  should  be  built  into  the  unit 
without  requiring  extensive  additional  hardware  and  software.  This  allows  for  quick  maintenance  and 
fast  reintegration  of  the  facility  after  repair. 

If  possible,  graceful  degradation  of  facility  capabilities  should  be  designed  in  to  avoid 
bottlenecks  or  single  paths  whose  failure  will  cause  the  entire  facility  to  shut  down.  Much  useful  work 
can  be  done  in  a  facility  with  limited  capability  while  the  broken  equipment  is  being  fixed.  The  design 
should  allow  the  use  of  subsystem  testing  while  full  system  capability  is  unavailable. 

A  facility  design  should  consider  the  people  who  will  work  in  it,  with  the  equipment.  A  suffi¬ 
cient  working  area  should  be  provided  for  notebooks  and  data.  Test  points  and  data  points  should  be 
readily  available.  All  necessary  facility  documentation  should  be  kept  close  at  hand.  Data  recording 
and  data  reduction  equipment  should  be  easily  available. 

The  personnel  running  the  facility  need  enough  visibility  into  the  system  being  tested  and  the 
test  facility  to  ensure  that  all  processes  are  working  properly.  This  information  needs  to  be  available 
in  real  time. 


This  paper  presents  the  design  criteria  for  a  hardware-in-the-loop  simulation  facility.  The  major 
design  drivers  have  been  identified.  The  rationale  that  should  be  utilized  for  decisions  for  each  of 
the  design  drivers  has  been  presented.  Since  every  hardware-in-the-loop  facility  is  unique,  the  deci¬ 
sion  guidelines  presented  have  by  necessity  been  rather  broad.  Several  tailored  examples  have  been 
presented  for  a  missile  test  simulation  facility.  The  concepts  presented,  however,  should  be  usable 
over  the  broad  range  of  HIL  simulation  facilities. 
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SUMMARY 

The  introduction  of  millimeter  wave  (MMw)  active-passive,  air-to-surface  missile  seeker  systems  to  counter  the 
European  armor  threat  has  increased  the  need  for  simulators  to  evaluate  the  performance  of  this  class  of  seeker. 
Existing  simulation  techniques  have  not  proved  to  be  cost  effective,  and  are  generally  unable  to  obtain  sufficient  larget 
spatial  position  control  at  millimeter  wave  frequencies  to  ensure  high  fidelity  simulations.  The  conventional  approach  to 
simulating  a  target  for  seeker  testing  is  to  build  a  transponder  which  receives  the  transmitted  signal  from  the  seeker, 
delays  it  to  represent  range,  modulates  it  to  simulate  the  intended  target  signature,  and  retransmits  it  through  an 
antenna  array  which  positions  the  target  spatially.  Target  modeling  and  position  control  are  implemented  using 
simulation  components  at  the  radar  frequency.  A  new  concept  for  target  simulation  for  FM/CW  modulated  radar 
sensors,  uses  the  signal  from  the  seeker  transmitter  to  illuminate  an  array  of  target  antennas.  This  received  signal  at 
the  target  array  is  mixed  with  a  low  frequency  modulation  signal  and  re-radiated  to  the  seeker.  Target  amplitude  and 
spatial  position  are  controlled  with  the  low-frequency  modulation  signal.  Most  high-cost  radar  frequency  components  are 
eliminated  from  the  simulator  implementation.  This  radar  scene  simulation  technique  provides  a  lower  cost  simulation 
method  for  evaluating  FM/CW  modulated  millimeter  wave  seekers.  This  technique  is  equally  effective  for  pulse 
modulated  seeker  simulation  when  a  millimeter  wave  illuminating  source  is  added  to  the  system.  In  either  case,  it 
significantly  reduces  the  high-cost/marginal-performance  millimeter  wave  hardware  required  in  the  simulator  and  can  be 
applied  to  evaluation  of  both  active  and  passive  seeker  modes. 


1.0  BACKGROUND 

Military  hardware  is  becoming  increasingly  sophisticated  and  costly.  During  the  development  of  these  complex 
systems  a  cost-effective  means  to  test,  evaluate,  and  refine  the  performance  capability  is  mandatory,  as  is  a  side-by- 
side  comparison  capability  between  competing  systems.  It  is  very  expensive  to  build  complete  prototype  systems  and 
subject  them  to  performance  tests  to  determine  compliance  with  requirements,  particularly  where  missile  tests  or 
system  tests  to  destruction  are  involved.  Many  such  tests  may  be  required  to  obtain  a  sample  size  large  enough  to  be 
statistically  significant  and  repeatable. 

Hardware-in-the-loop  (MIL)  simulations  provide  a  cost-effective  method  to  emulate  target/environment/- 
engagement  scenarios,  and  battle  management  parameters,  as  well  as  to  test  and  evaluate  related  systems  or  subsystems 
during  development  and  operational  program  phases.  The  tests  can  be  rigidly  controlled  for  repeatability  and  can 
exercise  a  system  throughout  its  total  performance  range.  The  continu^  evolution  of  tactical  missile  guidance 
technology  has  resulted  in  an  expansion  in  laboratory  facilities  capable  of  testing  these  systems  in  a  realistic, 
nondestructive  environment.  HIL  flight  simulation  has  been  demonstrated  during  the  past  decade  to  be  a  realistic  and 
cost-effective  tool  for  the  development,  test,  and  evaluation  of  missile  radio-frequency  (RF)  guidance  systems.  As  the 
emphasis  in  sensor  frequency  bands  and  waveforms  shifts  from  microwave  to  millimeter  wave  frequencies,  traditional 
concepts  in  the  design  of  RF  simulators  are  proving  incapable  of  providing  test  facilities  applicable  to  a  wide  range  of 
missile  systems  without  the  use  of  expensive,  state-of-the-art  equipment. 

In  particular,  current  emphasis  within  the  technical  community  is  being  placed  on  the  development  of  millimeter 
wave  (MMw)  guidance  technology  for  tactical  air-to-surface  and  surface-to-surface  weaponry,  as  illustrated  in  the 
battlefield  scenario  of  Figure  1-1.  These  systems,  while  offering  certain  performance  advantages  over  standard  radar 
and  electro-optical  systems,  pose  considerable  challenges  in  the  area  of  system  simulation.  Specifically: 

o  The  wide  band  of  millimeter  wave  frequencies  of  potential  interest  (30  to  300  GHz)  precludes  the  use  of  a 
single  set  of  radar-frequency  simulation  hardware  because  of  bandwidth  limitations.  An  individual  simulator 
implementation  could  be  required  for  each  "window"  in  the  MMw  spectrum.  (See  Figure  1-2). 

o  The  current  state-of-the-art  in  MMw  technology  is  such  that  components  are  relatively  high  in  cost  and 
performance  limited  compared  to  microwave  technology. 

In  order  to  develop  cost-effective  simulators  for  closed-loop  evaluation  of  MMw  guidance  systems,  techniques  must 
be  developed  which  minimize  the  use  of  millimeter  wave  components  in  their  implementation. 

The  conventional  approach  to  simulating  a  target  for  seeker  testing  is  to  build  a  transponder  which  receives  the 
transmitted  signal  from  the  seeker,  delays  it  to  represent  range,  modulates  it  to  simulate  the  intended  target  signature, 
and  retransmits  it  through  an  antenna  array  which  positions  the  target  spatially.  For  fine  position  control  within  a 
"selected  set"  of  adjacent  antennas,  the  relative  amplitude  and  phase  of  the  "selected  set"  are  controlled  using  expensive 
control  hardware  at  the  seeker  frequency.  Several  simulation  systems  using  this  principal  of  operation  are  currently  in 
use  within  the  U.S.  Department  of  Defense  and  private  industry.  For  microwave  and  more  so  for  millimeter  wave 
frequencies,  obtaining  sufficient  amplitude  and  phase  control  for  target  spatial  positioning  is  very  expensive  with  the 
state-of-the-art  in  equipment. 


FIGURE  I-l  MILLIMETER  WAVE  SIMULATION  SCENARIO 
V(AVELENGTH-<Xl  tl*- 
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FIGURE  1-2:  CALCULATED  COMBINED  WATER  VAPOR  AND  OXYGEN  ATTENUATION 


A  new  concept  for  target  simulation  of  FVf/CWr  modulated  radar  sensors  uses  the  signal  from  the  seeker  to 
illuminate  the  target  array.  The  unique  feature  of  this  approach  is  that  the  reflection  off  the  array  has  the  added 
modulation  of  the  seeker's  IF.  The  amplitude  of  the  target  modeled  is  controlled  by  adjusting  the  amplitude  of  this  low 
frequency  signal.  The  spatial  position  between  antennas  is  controlled  by  selectively  time  multiplexing  the  modulation 
signal  at  the  appropriate  target  array  antennas.  An  indication  of  range  shift  is  accomplished  by  changing  the  frequency 
of  the  amplitude  modulation.  For  pulse  modulated  radars,  a  separate  illuminator  illuminates  the  target  array  at  an 
offset  frequency.  This  offset  in  frequency  becomes  the  simulator  intermediate  frequency  (IF)  when  mixed  with  the 
seeker  transmission  which  is  then  delayed  in  time  to  simulate  range  and  applied  to  the  modulators  at  the  selected  array 
antennas.  This  IF  signal  modulates  the  offset  illumination  signal  to  produce  the  required  millimeter  wave  target  signal. 
The  only  radar  frequency  components  employed  are  the  antennas  and  modulators;  precise  microwave  or  millimeter  wave 
control  components  are  not  required.  For  millimeter  wave  systems,  cost  savings  for  this  new  concept  over  traditional 
methods  could  be  as  much  as  an  order  of  magnitude. 


2.0  EXISTING  GUIDANCE  SIMULATION  TECHNIQUES 

The  RF  homing  missile  guidance  and  control  simulation  problem  is  to  realistically  create  an  RF  target  and 
background  environment,  subject  the  RF  homer  to  this  environment,  close  the  missile  guidance  loop  around  this  RF 
homer  and  perform  real-time  hardware-in-the-loop  (MIL)  guidance  tests  which  result  in  riiss  distances  representative  of 
actual  missile  test  flights. 

Early  simulation  techniques  were  done  on  a  piecemeal  basis.  Tests  were  run  on  control  surface  actuators,  wind 
tunnel  tests  were  performed  for  aerodynamic  information,  open  loop  RF  homer  tests  were  performed,  measurements 
were  inade  of  targets  and  all  were  then  mathematically  modeled;  these  models  were  then  put  in  a  computer  and  a 
missile-target  engagement  scenario  flown.  The  primary  output  was  the  system  miss  distance.  This  technique  was 
characteristic  of  the  period  up  to  the  middle  1960's,  and  generally  correlated  poorly  with  flight  test  results.  In  the 
middle  of  the  1960's  Boeing  developed  it's  Terminal  Guidance  Laboratory  (TGL).  This  laboratory  employs  a  24'  x  24'  x  60' 
anechoic  chamber,  a  16  x  lO  element  electronically  steerable  target  array  at  one  end  of  the  chamber  presenting  a  target 
field-of-view  of  30°  and  a  full  scale  hydraulic  flight  table  to  mount  the  missile  guidance  hardware  at  the  other  end  of  the 
chamber.  Direct  comparisons  were  made  between  actual  missile  flights  and  simulated  flights.  The  results  clearly 
demonstrated  the  validity  of  this  type  of  simulation. 

Tlie  basic  concept  for  this  class  of  hardware-in-the-loop  guidance  simulators  is  illustrated  in  Figure  I!-l.  This 
system  tests  the  full  guidance  section  of  the  missile,  ie:  radome,  sensor,  processor,  etc.,  while  modeling  only  those 
elements  of  the  system  which  can  be  approximated  in  computer  software.  Simula  '  m  fidelity  is  enhanced  over  previous 
techniques  by  two  factors:  (1)  the  most  complex  and  nonlinear  element  in  the  system,  the  sensor /processor  unit,  can  be 
tested  in  essentially  an  operational  configuration;  and  (2)  the  sensor  is  exercised  using  radiated  signals  rather  than  RF  or 
IF  injected  target  signals,  eli'ninating  sensor,  antenna  and  radome  modeling  er.-ors.  The  simulation  "closes"  the  guidance 
loop  for  the  simulated  engagement  allowing  for  real-world  interaction  between  the  guidance  system  and  its  environment. 
Signature  data  drives  the  RF  generation  subsystem,  which  produces  modulated  RF  signals  representative  of  the  target 
and  its  associated  background  radiation.  The  position  control  system  spatially  positions  these  signals  on  the  array  for 
presentation  to  the  system  under  test.  Figure  II-2  shows  how  the  target  is  positioned  within  the  quad  of  antennas.  The 
array  is  carefully  phase-adjusted  so  that  the  signals  radiating  from  each  antenna  are  of  equal  phase  as  shown  in  the 
figure.  Computer  controlled  attenuators  are  then  adjusted  to  control  the  relative  amplitude  of  the  signals  radiated  from 
the  four  antennas,  placing  the  apparent  phase  center  of  the  target  at  the  desired  location  within  the  quad  of  antennas. 
By  properly  adjusting  the  signal  amplitudes,  the  target  is  moved  to  any  desired  position  within  the  quad  of  antennas  at 
very  fast  update  rates. 

The  success  of  this  technique  in  the  TGL  led  to  the  development  of  comparable  laboratories  for  the  U.S.  Army, 
Navy,  and  Air  Force  (See  Figure  II-3).  The  Army’s  Radio  Frequee_y  System  Simulator  (RFSS)  became  operational  in 
1975,  with  higher  accuracy,  more  sophisticated  RF  models,  and  a  larger  spatial  field-of-view  array  than  the  TGL.  The 
Navy's  Central  Target  Simulator  (CTS)  was  completed  in  1979,  oriented  toward  F.CM  development  with  a  very  wide 
horizontal  field-of-view.  The  Air  Force  Radio  Frequency  Target  Simulator  (RFTS)  came  online  in  1981,  using  a  smaller 
array  with  highly  sophisticated  RF  modeling  capability.  t3asic  oerformance  characteristics  of  these  four  simulators  are 
compared  in  Figure  11-4. 


3.0  MILLIMETER  WAVE  RADAR  SCENE  SIMULATOR 

The  Millimeter  wave  (MMw)  simulator  is  similar  in  configuration  to  the  microwave  simulators  discussed  in  Section 
2  in  supporting  the  real-time  MIL  simulation  evaluation  of  missile  guidance  effectiveness.  The  significant  difference  ' 
in  the  target  spatial  position  simulation.  This  concept  uses  an  array  of  MMw  a.itenna  modules  (see  Figure  III-Dwhich  are 
space  fed.  The  target  and  electromagnetic  background  signals  are  modeled  at  low  frequencies  (IF)  and  applied  to  a 
selected  group  of  antenna  modules  for  conversion  to  MMw  target  signals  using  the  MMw  space  feed  excitation.  A  target 
and/or  background  spatial  location  is  controlled  to  much  less  granularity  than  the  array  antenna  spacing  by  high-speed 
time  multiplexing,  or  time  weighting,  of  adjacent  antennas.  The  active  antenna  group  is  designed  to  lie  within  the  seeker 
antenna  field  of  view.  For  FM/CW  modulated  seekers,  the  seeker  may  provide  the  space  f“ed  excitation  to  the  target 
array.  For  pulse  seeker  systems,  space  feed  excitation  is  provided  by  an  external  MMw  illuminator.  A  more  detai  ed 
description  of  the  system  follows. 

The  millimeter  wave  radar  scene  simulator  uses  fre-^uency  translation  at  an  antenna  terminated  by  a  mixer  and 
extends  this  to  an  array  of  antennas  for  dynamic  electronic  controlled  target  position  simulation  (see  Figure  III-l,  right- 
hand  side,  for  concept  illustration).  The  radar  target  scene  simulator  is  shown  integrated  into  the  target  simulator 
system  envisioned  for  evaluation  of  MMw  guided  weapon  systems  in  both  open-loop  and  closed-loop  modes.  A'hievable 
target  position  accuracy  exceeds  one  milliradian  and  position  rates  are  in  excess  of  missile  system  requirements  (where 
practical  mechanical  positioning  target  systems  are  too  slow  to  simulate  t_rget  glint  characteristics). 


Central  Target  Simulator  (CTS),  1978 


ftadio  Frequency  Target  Sirmlator  IRFTS),  1981 


FIGURE  1 1-3:  HARDWARE- IN-THE-LOOP  SIMULATORS 
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FIGURE  II-4:  RADIO  FREQUENCY  SIMULATOR  COMPARISONS 
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The  key  element  is  the  space  feed  array  antenna  module.  This  device  consists  of  an  antenna  attached  to  a  mixer 
(center  of  Figure  111-1).  The  antenna  provides  signal  gain  for  both  the  space  feed  MMw  illumination  and  the  frequency 
translated  MMw  output.  The  mixer  is  a  nonlinear  device  that  combines  the  MMw  illuminator  signal  with  the  low- 
frequency  IF  drive  signal  and  produces  the  frequency-translated  MMw  output.  The  space  feed  capability  of  this  design 
allows  large  arrays  of  these  devices  to  function  as  an  MMw  scene  or  point  target  without  any  MMw  interconnection 
between  tte  individual  elements. 

Two  basic  mixer  types  are  suitable  for  the  FM/CW  seeker  illuminated  case.  The  simpler  mixer  consists  of  a  single 
diode  element  matched  to  a  waveguide  hom  antenna.  This  single-diode  mixer  will  produce  both  a  sum  and  difference 
sideband.  The  two  translated  outputs  will  appear  to  the  radar  seeker  as  two  targets  separated  by  a  range  equivalent  to 
twice  the  distance  from  the  radar  seeker  to  the  array  antenna.  A  single  sideband  mixer  is  used  when  the  second  target 
signal  would  cause  interference  with  the  primary  target  output.  The  single  sideband  mixer  is  fabricated  using  a  minimum 
of  two  mixers  interconnected  by  phase  shift  networks.  The  combination  at  the  antenna  of  the  phase-shifted  and  phase- 
balanced  frequency-translated  outputs  from  the  two  mixers  enhances  the  primary  target  output  while  canceling  the 
second  target  output.  The  conditions  required  for  this  combining  effect  are  equal  amplitude  conversion  from  each  mixer, 
90-degree  phase  difference  between  the  two  IF  drive  inputs,  and  90-degree  phase  difference  between  the  MMw  input  or 
output  that  passes  through  the  two  mixers.  Because  MMw  input  and  output  share  a  common  path,  a  45-degree  phase 
shift  in  one  mixer  path  produces  the  required  90-deg  effect. 

The  FM/CW  signal  format  consists  of  a  continuously  transmitted  MMw  signal  that  is  frequency  modulated.  The  FM 
usually  consists  of  a  linearly  swept  frequency  shift  (see  Figure  HI-2).  The  seeker  uses  the  frequency  difference  between 
the  transmitted  signal  and  the  received  echo  to  measure  target  range.  The  frequency  difference  is  an  IF  signal  that 
results  from  mixing  the  current  transmitter  frequency  with  a  previous  transmitter  frequency  that  has  been  delayed  by 
the  round  trip  time  to  the  target  and  back.  The  FM/CW  radar  seeker  signal  format  is  directly  compatible  with  the 
space-feed  frequency  translating  array.  The  simplest  simulator  uses  the  FM/CW  seeker  transmitter  to  provide  the 
space-feed  illumination  to  the  array.  The  array  elements,  frequency-translate  the  illumination  signal  by  the  seeker  IF 
and  reradiate  it  back  to  the  seeker.  An  IF  is  supplied  that  is  identical  to  that  which  the  seeker  would  normally  see  for  a 
target  at  the  range  required  in  the  simulation. 

The  pulse  radar  signal  format  is  an  MMw  pulse  followed  by  a  quiet  interval.  The  seeker  measures  range  by 
measuring  the  time  interval  between  the  transmitted  pulse  and  the  target  echo.  The  pulse  radar  signal  format  can  be 
accommodated  to  the  simulator  with  a  separated  space-feed  illumination  source  located  near  the  seeker.  The  frequency 
of  the  illumination  source  is  offset  from  the  seeker -transmitted  MMw  frequency  to  eliminate  seeker  interference.  This 
frequency  offset  becomes  the  simulator  IF.  An  IF  sample  of  the  seeker  pulse  is  time  delayed  from  the  seeker 
transmitter  pulse.  The  time  delay  is  determined  by  the  range  required  in  the  simulation.  The  array  mixer  translates  the 
illuminator  MMw  frequency  back  to  the  seeker  transmitter  frequency,  thus  allowing  the  seeker  to  use  the  simulated 
target  echo. 

Targets  and  the  environment  are  modeled  by  a  computer  control  system  that  drives  the  array  of  antennas  located 
in  front  of  the  radar  seeker.  The  operating  mode  of  the  system  is  dictat^  by  the  seeker  type.  Pulse  or  FM/CW  seekers 
use  the  separate  illuminator  with  a  fixed  IF  drive  frequency  to  the  array.  FM/CW  seekers  may  use  a  simpler  range- 
controlled  intermediate  drive  frequency.  The  amplitude  of  the  IF  drive  is  controlled  by  an  attenuator  that  simulates 
range-related  signal  propagation  losses  and  target  cross  section.  The  IF  drive  is  routed  to  a  group  of  adjacent  array 
antenna  elements  that  encompasses  the  simulated  target  position  location  on  the  face  of  the  array.  The  multithrow 
switch  sequentially  scans  the  signal  among  the  selected  antenna  elements.  The  scan  rate  is  set  above  the  response  limits 
of  the  angle  tracker  circuits  in  the  radar  seeker,  which  causes  the  seeker  to  see  only  the  average  target  position.  The 
average  target  position  is  placed  at  the  simulated  target  position  by  varying  the  switching  time  ratios  (time  weighting)  of 
the  antenna  group  scan  cycle.  Target  range  extent,  scintillation,  glint,  and  environmental  clutter  are  represented  as 
frequency  and  amplitude  modulation  on  the  reflected  signals.  Multiple  targets  are  generated  by  time-multiplexing  the 
drive  to  the  array  of  antenna  elements. 

The  seeker  response  to  the  target  motion  presented  on  the  array  is  evaluated  by  the  computer  system.  The 
response  data  can  be  used  to  develop  seeker  open-loop  performance  data.  With  suitable  simulation  of  associated  missile 
control  and  flight  parameters,  a  real-time  closed-loop  flight  can  be  accomplished  producing  target  miss-distance  data. 
While  this  simulation  technique  is  equally  applicable  to  evaluation  of  seekers  at  frequency  bands  other  than  MMw,  the 
cost  reduction  is  most  significant  for  MMw  applications.  This  simulation  concept  has  been  validated  by  laboratory  tests 
in  the  Boeing  Terminal  Guidance  Laboratory,  at  Kent,  WA. 


CONCLUSIONS 

Simulating  target  range  and  angle  by  appending  an  AM  sideband  to  the  reflection  of  an  FM/CW  sensor  carrier  signal 
and  time-multiplexing  the  signal  among  adjacent  antennas  is  a  practical  solution  to  the  noar-term  MMw  flight  simulation 
problem.  This  technique  can  readily  be  extended  to  pulse  radar  systems  (coherent  and  noncoherent)  by  adding  a 
separated  space-feed  illumination  source  and  range  delay  device.  With  suitable  modifications  it  can  grow  to 
accommodate  more  complex  radar  features,  including  polarization  diversity,  simultaneous  active/passive  operation,  and 
pulse  chirp,  as  well  as  ECM/ECCM  test  and  evaluation  applications.  Minimal  simulator  modification  is  required  for 
adaptation  to  different  MMw  frequency  bands,  since  only  the  antenna  modules  and  illuminator  operate  at  MMw 
frequencies.  This  technique  results  in  a  significant  reduction  in  the  use  of  expensive,  state-of-the-art  MMw  components 
to  implement  guidance  simulators,  making  nondestructive  testing  of  MMw  seekers  immediately  justifiable  and  feasible. 
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FIGURE  1 1 1-2:  TYPICAL  FM/CW  SIGNAL  FORMAT 


7-1 


RANGE  DELAY  TECHNIQUES  FOR 
RADAR  TARGET  SIMULATORS 

IV 

LelandC.  Buae 


BOEING  AEROSPACE  COMPANY 
P.O.  Box  3»9 
Seattle,  VaihinRtan 
9S12* 


SUMMARY 

It  has  been  recognized  that  Radar  Guided  Seeker  and  countermeasure  deveiopment  using  fiight  test  as  a  primary 
evaiuation  tool  is  cosUy  and  insecure  from  interception  of  signal  and  telemetry  emenations.  Radar  Target  Simulators 
have  been  developed  which  provide  the  capability  both  to  evaluate  actual  radar  guided  seeker  hardware  and  software  and 
to  evaluate  Countermeasures  against  the  actu^  seeker  hardware  in  a  secure  environment.  Experience  with  these 
simulators  has  demonstrated  that  with  adequate  simulator  hardware,  valid  closed-loop  performance  evaluations  can  be 
conducted  which  will  accurately  reflect  flight  test  performance.  A  critical  issue  in  the  implementation  of  such  systems 
is  the  simulation  of  radar  pulse  range  delay.  This  must  be  accomplished  with  sufficient  fidelity  to  represent  a  range- 
delayed  target  or  ECM  signal  credible  to  nx^em  seeker  signal  processors. 

In  this  paper,  wious  range  delay  techniques  as  applied  to  Radar  Target  Simulators  are  presented.  In  particular,  a 
digital  approach  to  the  solution  of  the  range  delay  prc^lem  is  developed  from  basic  concepts  through  actual  hardware 
implementation. 


1.  RADAR  TARGET  SIMULATORS 

It  is  possible  to  test  radar-guided  seeker  hardware  and  software,  and  to  estimate  the  probable  system  performance 
using  Radar  Target  Simulators.  Seeker  performance  can  be  evaluated  against  complex  targets,  clutter,  multipath,  or 
ECM  in  a  fully  closed  loop  simulation,  or  the  seeker  response  can  be  tested  using  various  stimuli!  in  open  loop  tests. 
These  simulators  provide  a  low-cost  way  to  evaluate  new  guidance,  ECM  or  ECCM  concepts,  to  preflight  missile 
hardware  and  software,  to  support  flight  test  evaluations,  and  to  measure  ECM/ECCM  effectiveness 

The  principle  concept  used  to  Implement  these  Radar  Target  Simulators  is  shown  in  Figure  1-1.  It  includes  a  closed 
shielded  diamber  to  exclude  all  ambient  signals  and  contain  all  radiated  signals  and  is  lined  with  microwave  anechoic 
material  to  remove  all  stray  reflections.  A  signal  source  is  placed  in  one  end  of  the  chamber  and  the  seeker  under  test  is 
placed  at  the  opposite  end  of  the  chamber.  For  full,  closed  loop  simulation,  the  signal  source  is  an  antenna  array  which 
provides  two-axis  angular  steering  of  the  radiated  signal.  The  seeker  is  mounted  on  a  3-axis  flight  table  which  provides 
simulated  missile  body  angular  motion.  A  similar  arrangement  can  be  used  for  open-loop  seeker  characterization,  using 
only  those  simulator  elements  necessary  to  measure  specific  seeker  responses.  This  type  of  testing  reduces  simulator 
flight  table  requirements  and  reduces  the  antenna  etrray  size. 

A  number  of  general  purpose  simulator  facilities  like  this  have  been  constructed  within  the  United  States  and  are 
active  at  this  time.  These  include:  The  Radar  Target  Simulator  (RTS)  at  The  Boeing  Aerospace  Company  in  Kent, 
Washington;  The  Radio  Frequency  System  Simulator  (RFSS)  at  the  Army  Redstone  Facility  in  Huntsville,  Alabama;  the 
Cental  Target  Simulator  (CTS)  at  the  Naval  Research  Laboratories  in  Washington,  D.C.;  and  the  Radio  Frequency 
Target  Simulator,  (RFTS),  at  the  .Air  Force  Armament  Laboratory,  Eglin  AFB,  Florida.  While  each  of  these  facilities  is 
unique  and  configured  to  emphasize  particular  test  goals,  they  eadi  contain  the  basic  closed  loop  capabilities  and 
elements  describe  here. 

As  shown  in  Fig.  1-1,  within  each  simulator,  data  processing  equipment  is  provided  to  generate  software  models  for 
all  aspects  of  the  simulation  not  represented  by  active  hardware.  The  data  processing  equipment  generates  a  simulation 
of  the  aerodynamics  and  relative  kinematics  of  the  engagement  and  controls  the  microwave  Target  Generation  system. 
The  Data  Processing  subsystem  provides  outputs  to  drive  the  3-axis  Flight  Table  with  the  missile  body  angles  and  the  RF 
generation  system  with  target,  clutter,  ECM  spectral  information,  doppler,  and  range.  There  are  also  relative  pointing 
angle  outputs  to  drive  the  position  control  subsystem  in  pitch  and  yaw.  Elements  within  the  data  processing  subsystem 
provide  means  to  control  the  process  of  the  entire  closed-loop  simulation  from  launch  to  intercept.  This  includes 
processing  of  target,  clutter,  and  ECM  signatures,  quick-look  and  statistical  test  results,  and  system  diagnostics. 

The  RF  Generation  subsystem  required  to  generate  the  target,  clutter,  and  ECM  signals  under  control  of  the  data 
processing  can  become  quite  complex.  Figure  1-2  shows  a  simplified  block  diagram  of  part  of  an  existing  RF  generation 
system.  This  unit  is  designed  for  evaluation  of  active  seekers.  In  order  to  maintain  the  capability  to  operate  with  a  wide 
range  of  active  seeker  types,  it  is  necessary  to  accept  a  sample  of  the  actual  transmitted  waveform  of  the  seeker  under 
test.  The  signal  is  then  manipulated  to  impress  upon  it  the  characteristics  resulting  from  target  and  clutter  reflections. 
The  composite  signature  is  then  transferred  to  the  position  control  subsystem. 

The  input  signal  is  first  converted  to  an  appropriate  intermediate  frequency  and  delayed  in  time  to  represent  the 
range  delay  interval.  It  is  then  mixed  with  target  and  clutter  spectrums  and  converted  back  to  the  input  frequency  band. 
The  Up-Converter  output,  containing  the  target  and  clutter  signatures  with  doppler,  are  attenuated  for  range  path  loss 
and  transferred  to  the  position  control  subsystem  for  radiation  from  the  antenna  array  at  the  correct  anmiar  position.  A 
precise  Frequency  Control  subsystem  is  provided  to  synthesize  the  correct  Local  Oscillator  (L.O.)  signals  used  to 
translate  the  signal  frequencies  within  the  RF  Generation  std>system. 
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Because  of  the  need  to  test  seekers  with  a  wide  range  of  transmitted  signal  characteristics,  the  Range  Oelay  Unit, 
used  to  simulate  the  effects  of  range  time  delay,  is  particularly  critical  to  the  performance  of  the  RF  Generation 
subsystem.  This  Unit  must  accept  a  wide  range  of  pulse  and  FM  signals  containing  many  types  of  modulation. 
transmitted  signal  characteristics  must  be  faithfully  reproduced  over  a  consider^d)le  bandwidth  and  delay  period  with 
adequate  range  resolution  for  seeker  processing.  Multiple  outputs  are  required  to  simulate  the  effects  of  extended 
targets  and  clutter  and  various  modes  are  required  to  haindle  ambiguities  resulting  from  a  wide  range  of  seeker  Pulse 
Repetition  Frequencies  and  Duty  Cycles. 

This  paper  deals  with  the  development  of  Range  Oelay  Units  for  simulator  applications  since  these  devices  are 
critical  to  successful  RF  guidance  system  simulation  testing.  A  wide  variety  of  potential  implementation  solutions  are 
discussed,  with  particular  emphasis  on  high-fidelity  techniques  now  available  using  state-of-the-art  digital  technology. 


2.  REAL  TIME  DELAY  TECHNIQUES 

A  number  of  innovative  appoaches  have  been  used  to  accomplish  the  range  delay  function  for  Radar  Target 
Generators.  Some  of  these  are  useful  only  for  special  types  of  seekers  under  test.  Others  disrupt  the  desired  signal  by 
adding  spurious  frequency  or  time  domain  signals.  This  disruption  can  be  so  serious  that  the  simulators  are  unusable  for 
testing  modem  seekers  having  narrow  processing  bandwidths  and  coherency  and  coding  requirements.  Many  limited-use 
facilities  employ  delay  synthesis  approaches  using  timers  to  synthesize  a  replica  of  the  transmitted  signal  delayed  by  the 
range  delay  period.  This  approach  can  be  useful  for  special  purpose  simulators  where  it  is  cost-effective  to  bu'id  a  signal 
synthesizer  to  test  a  specific  missile  system.  It  is  not  usually  applicable  to  general  purpose  simulators  which  must 
accomodate  a  wide  range  of  seeker  waveforms  and  therefore  must  operate  on  the  actual  transmitted  seeker  signals  to 
realistically  simulate  range  delay. 

Fluid  tanks  have  been  historically  used  as  signal  delay  and  storage  devices  by  propagating  an  acoustic  wave 
representing  signal  information  through  the  fluid  medium.  One  such  unit,  which  has  been  used  for  radar  target  signal 
delay,  incorporates  a  transducer  which  introduces  the  accoustic  wave  at  an  appropriate  carrier  frequency  into  one  end  of 
a  long  narrow  tank  of  Mercury.  A  receiving  transducer  immersed  in  the  Mercury  is  mechanically  moved  along  the  tank. 
This  will  generate  a  delay  due  to  the  propagation  velocity  of  the  accoustic  wave  in  Mercury.  The  position  of  the 
transducer  is  adjusted  with  a  servo  to  obtain  the  desired  range  delay.  Multiple  reflections  from  the  transducers  and  from 
the  tank  sides  along  with  a  limited  bandwidth  and  high  loss  for  the  tranducers  severely  limits  the  applications  for  this 
type  of  device. 

Dispersive  Line  and  Memory  Loops  have  also  been  used  with  limited  success  to  simulate  range  delay.  These 
techniques  introduce  severe  spectral  distortion  and  spurious  time  domain  signals  due  to  the  dispersion  and  loop  repeater 
period.  Their  use  is  usually  limited  to  certain  seeker  waveforms  which  can  tolerate  these  characteristics. 


More  recently,  Bulk-Effect  accoustic  devices  have  been  introduced  to  provide  delay  effects.  These  are  non- 
dispersive  fixed-delay  elements,  usually  in  the  range  of  I  to  20  microseconds.  They  have  typically  been  operated  in  1-2 
GHz  band,  however,  devices  are  available  up  to  10  GHz.  These  devices  are  constructed  from  Sapphire  or  Quartz  crystals 
with  tranducers  attached  to  each  end.  A  Range  Delay  Unit  requires  many  of  these  elements  to  span  the  typical  target 
generator  delay  of  100  to  200  microseconds.  The  elements  are  electronically  switched  in  and  out  of  the  signal  path  to 
provide  delay  changes.  Each  delay  element  introduces  multiple  reflections  from  the  transducers  at  each  end.  This 
results  in  spurious  signals  arriving  at  the  output  after  three  passes  through  the  crystal,  often  referred  to  Triple-Travel 
Spurs.  Very  careful  control  of  the  device  propagation  losses  and  tranducer  efficiency  is  required  to  limit  the  level  of 
these  spurs  to  acceptable  levels  for  seeker  signal  processing.  Trade-offs  between  bandwidth,  crystal  material,  and 
center  frequency  are  required  to  provide  acceptable  device  losses  and  spur  levels.  These  devices  have  excellent  spectral 
purity  except  for  time-domain  spurs,  but  the  temperature  sensitivity  of  the  delay  introduces  large  phase  shifts  which 
limit  the  phase  coherency  of  a  switched  delay  unit  constructed  of  them.  Many  amplifiers  may  be  required  to  offset  the 
high  losses  inherent  in  these  devices,  and  equalizers  are  required  to  maintain  wide  bandwidths.  Information  temporarily 
stored  within  a  given  delay  element  can  be  lost  when  the  device  is  switched  out  due  to  range  changes  unless  complex 
switching  techniques  are  employed.  This  can  result  in  significant  periods  of  signal  loss  which  may  be  unacceptable  for 
testing  certain  seekers.  The  triple-travel  spur  level  in  the  bulk-effect  devices  becomes  unacceptable  for  very  short 
delays.  Other  techniques  must  be  used  to  augment  these  devices  to  provide  short  delay  changes.  Delay  Units  using  these 
techniques  are  usually  separated  into  a  Coarse  Delay  Unit  incorporating  Bulk-Effect  devices  and  a  Fine  Delay  Unit  using 
other  techniques. 

Switched  Cottxial  Delay  Lines  have  proven  useful  to  augment  the  Bulk-Effect  devices  to  provide  short  delays.  Fine 
Delay  Units  have  been  constructed  using  binary -weighted  sections  of  coaxial  line  which  are  switched  in  and  out.  These 
units  can  control  the  delay  from  a  few  microseconds  down  to  a  few  nanoseconds.  Only  very  simple  equalizatif  is 
required  to  achieve  large  bandwidths  (around  1  GHz).  The  delays  can  be  phase  coherent  if  the  coaxial  cable  is 
temperature  stabilized.  No  transducers  are  required,  so  end  reflections  can  be  kept  low  with  proper  termination, 
resulting  in  low  Triple-Travel  spurs  except  for  very  short  cotixial  sections.  Hign  loss  coaxial  line  is  available  and  can  be 
used  for  the  short  sections  to  further  reduce  the  spurs  if  required.  Range  Delay  Units  incorporating  a  Coaxial  Fine  Delay 
in  combination  with  a  Bulk-Effect  Coarse  Delay  have  been  constructed  and  used  in  contemporary  Radar  Target 
Simulators  with  excellent  results. 

A  Bragg-Cell  Fine  Delay  line  has  also  been  used  to  augment  the  Bulk-Effect  Coarse  Delay  Unit.  This  consists  of  a 
single  Bulk-Effect  delay  crystal  fed  with  a  transducer  at  one  end.  As  the  accoustic  wave  representing  the  signal 
propagates  down  the  crystal,  a  collimated  beam  of  laser  light  is  transmitted  through  the  crystal  at  right  angles  to  the 
accoustic  path.  The  light  interacts  with  the  accoustic  wave  resulting  in  Bragg  difraction.  The  diffracted  beam  is  mixed 
with  a  reference  beam  and  then  detected  with  a  photodiode.  The  output  of  the  photodiode  is  a  reproduction  of  the 
accoustic  signal  but  delayed  in  time.  By  moving  the  crystal  with  a  mechanical  servo,  the  point  along  the  accoustic  axis 
of  the  crystal  where  the  laser  beam  passes  through  it  am  be  changed.  The  resulting  photodiode  output  delay  time  will 
change  accordingly.  Since  there  is  no  accoustic-electrical  output  transducer  attached,  the  Bragg-Ccll  can  be  terminated 
at  the  output  end  to  minimize  triple-travel  spurs. 


7-4 


Bragg-Cell  devices  have  been  fabricated  with  a  few  microseconds  maximum  deiay  that  give  essentially  continous 
fine  delay  resolution.  The  position  of  the  mechanical  servo  must  be  reset  each  time  the  total  dielay  range  of  the  Bragg- 
Cell  is  exceed^  and  the  C^se  Delay  Unit  is  stepped  to  the  next  deiay  increment.  Two  of  these  devices  must  be  useoin 
the  Fine  Delay  Unit  to  allow  for  the  mechancial  servo  reset  time.  The  two  devices  alternate  so  one  is  in  use  while  the 
other  is  resetting.  Fine  Delay  Units  incorporating  Bragg-Cell  technology  have  experienced  severe  limitations  due  to  the 
introduction  of  incidental  FM  onto  the  signal  by  the  device.  The  problem  occurs  because  of  non-uniform  velocity  control 
of  the  mechanical  servo  that  moves  the  crystal.  Since  the  input  signal  is  at  a  non-zero  carrier  frequency,  a  doppler  shift 
proportional  to  the  carrier  frequency  and  delay  rate  is  added  to  the  signal  when  the  delay  servo  is  moved.  Any  slight 
jitter  in  the  servo  velocity  causes  a  corresponding  FM  noise  modulation  in  the  doppler  frequency  spectrum.  The  result  is 
a  spreading  of  the  spectral  bandwidth  of  the  sim-'lator  signal,  similar  to  incidental  FM. 

Radar  Target  Simulator  Range  Delay  Units  have  been  constructed  using  a  Bragg  Cell  Fine  Delay  and  a  Bulk-Effect 
Device  Coarse  Delay.  The  spectral  spreading  noted  above  has  resulted  in  severe  limitations  to  the  maximum  simulated 
closing  velocities  in  actual  simulations.  At  high  simulator  closing  velocities  the  seeker  may  reject  the  doppler-spread 
signals  as  not  representative  of  a  target.  Partial  solutions  to  this  problem  have  been  found.  By  reducing  the  effective 
carrier  frequency,  possibly  even  to  zero,  the  spectral  spreading  can  be  reduced.  The  triple-travel  spur  level  has 
continued  to  be  an  inherent  problem  with  the  Bulk-Effect  discrete  delay  devices  used  in  the  Coarse  Delay  Units. 

It  is  now  possible  to  store  and  retrieve  digital  data  at  sufficiently  high  rates  such  that  wide-band  seeker 
transmitter  signals  can  be  stored  in  a  digital  memory  unit  and  then  retrieved  after  the  range  delay  period.  This 
technology  offers  an  alternate  approach  to  the  techniques  described  above.  This  approach  eliminates  many  of  the 
limitations  mentioned.  The  next  section  of  this  paper  discusses  Digital  Pulse  Storage  technology  along  with  the 
performance  capabilities  and  limitations  of  that  technology  as  applied  to  radar  target  simulators. 


3.  DIGITAL  PULSE  STORAGE  SYSTEM 

New  high  speed  digital  technology  wilt  now  support  storage  and  retrieval  of  R.F.  pulses  in  a  digital  semiconductor 
memory  for  bandwidths  up  to  several  hundred  megahertz.  This  can  be  expensive  for  high  accuracy  representations  of 
wide  bandwidth  signals  since  this  means  a  correspondingly  large,  high-speed  digital  memory  will  be  required.  For  high 
PRF  signals  with  range  ambiguities  the  memory  is  sized  by  the  delay  resolution,  the  maximum  total  delay  time,  and  the 
signal  bandwidth.  For  low  or  medium  PRF  signals,  having  unambiguous  range,  considerable  savings  can  be  achieved  by 
staring  the  pulse  phase  data  only  while  an  active  pulse  exists  and  then  relying  on  delay  counters  to  accomplish  the  delay. 

Digital  storage  of  RF  pulse  information  has  been  accomplished  using  the  technique  shown  in  Fig.  3.1.  As  shown 
here,  an  input  pulse  is  mixed  down  to  baseband  using  an  internal  Local  Oscillator  (LO)  centered  on  the  signal  frequency. 
Both  in-phase  (0  and  quadrature-phase  (Q)  mixers  are  provided.  The  resulting  baseband  I  and  Q  signals  are  digitized  and 
then  sampled  to  provide  the  digital  data  stream  outputs  of  the  multiphase  Down-Converter.  This  data  is  then  stored  in  a 
high  speed  digital  memory.  The  continuous  sampling  and  storage  process,  in  real  time,  provides  a  coherent  time  history 
of  both  the  pulse  and  intrapulse  periods.  In  this  simplified  example,  the  baseband  1  and  Q  signals  are  digitized  to  two 
possible  states  as  is  shown  in  Fig.  3.2.  While  this  simplifies  the  delay  unit  and  is  satisfactory  in  many  applications, 
signals  reconstructed  from  this  data  will  contain  significant  odd-order  spurious  signals  due  to  the  uniform  symmetrical 
sampling. 

Referring  back  to  Fig.  3.1,  when  the  desired  delay  period  has  elapsed,  the  I  and  Q  data  streams,  representing  the 
pulse  phase  history,  are  read  from  the  memory,  converted  to  signal  levels,  and  then  mixed  with  I  and  Q  components  of 
the  LO  signal  to  reconstruct  the  original  pulse  at  the  original  frequency  but  delayed  in  time.  With  continuous,  real  time 
data  conversion  and  storage  processes,  the  phase  history  of  the  pulse  as  well  as  that  of  the  intrapulse  period  will  be 
retained.  Due  to  the  binary  sampling,  the  amplitude  information  in  the  pulse  is  not  retained.  Using  high  speed  digital 
technology,  clock  rates  of  200  to  300  Mhz  are  not  uncommon,  permitting  instantaneous  signal  bandwidths  of  150  to  250 
Mhz  using  quadrature  sampling  channels. 

Single-bit  technology,  while  satisfactory  for  many  applications,  is  not  very  useful  for  high  quality  target  generation 
in  an  RF  simulator.  The  high  sampling  spurs  due  to  the  binary  sampling  can  be  interpreted  as  false  targets  by  a  seeker 
under  test.  This  will  result  in  an  unrealistically  poor  probability  of  acquisition  of  the  correct  signal  by  the  seeker.  Due 
to  the  limitation  of  single-bit  systems  a  multi-bit  Range  Delay  Unit  (RDU)  was  developed  to  provide  a  high  quality  range 
delayed  signal  without  introducing  significant  false  targets. 

I"  order  to  reduce  the  third  order  sampling  spurs  (false  targets)  to  -30  dbC,  a  delay  unit  using  6-bit  conversion 
between  the  baseband  I  and  Q  channels  and  the  digital  memory  was  designed.  A  block  diagram  of  the  resulting  unit  is 
shown  in  Fig.  3.3.  The  unit  provides  an  instantaneous  bandwidth  of  120  Mhz,  centered  at  an  IF  frequency  of  1.2  Ghz.  A 
clock  frequency  of  160  Mhz  was  selected  to  achieve  a  60  Mhz  instantaneous  bandwidth  for  ea^  I  and  Q  channel. 
Operation  of  this  unit  is  similar  to  the  single  bit  system  shown  in  Fig.  3.1.  Arriving  pulses  are  translated  to  I  and  Q 
baseband  channels  in  the  quadrature  mixer  using  the  1.2  Ghz  LO.  These  baseband  signals  are  then  converted  to  digital 
data  using  high  speed  "flash"  A/D  converters.  The  data  streams  are  then  loaded  into  the  digital  random  access  memory 
(RAM).  At  a  clock  rate  of  160  Mhz  there  will  be  12  bits  of  data  loaded  into  the  memory  every  6.25  ns.  The  RAM  address 
counters  in  the  control  logic  operate  continuously  at  the  clock  rate  so  that  the  memory  will  also  cycle  continuously. 

The  digitized  data  representing  the  RF  signal  is  recovered  from  the  digital  memory  after  a  period  of  time 
representing  the  range  delay  has  elapsed.  The  1  and  Q  data  is  reconverted  into  analog  signals  using  high  speed,  six-bit, 
D/A  converters.  Each  channel  will  have  a  bandwidth  of  60  MHz.  The  analog  I  and  Q  channels  are  reconverted  to  1.2 
GHz,  using  a  Quadrature  (single-sideband)  modulator,  to  regenerate  the  original  RF  signal  characteristics,  but  delayed  in 
time.  The  composite  signtd  will  have  a  120  MHz  instantaneous  bandwidth. 

Current  digital  memory  and  digital-analog  conversion  technology  will  not  support  direct,  single-channel,  operations 
at  the  ^>ceds  required  to  achieve  the  above  basrlwidths.  &>  order  to  accompli  the  memory  data  transfer  rates  required, 
each  1  and  Q  channel  are  demultiplexed  to  8  sub-channels  at  the  memory  input.  Eight  parallel  memories  are  then  used  to 
store  the  data.  Each  memory  cycles  at  one-eighth  of  the  clock  rate  or  50  ns  for  a  complete  read-write  cycle.  The 
memory  outputs  are  multiplexed  to  recombine  the  eight  data  streams  back  into  a  single  path  for  each  I  and  Q  channel. 
This  is  illustrated  in  Fig.  3-4.  The  effect  is  as  if  a  single-channel,  6.25  ns  cycle-time,  memory  were  actually  used. 
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10  MHz 
REF 


nr  IN 
1.2  GHz 
t  60MMz 
0  (lUni 


FIGURE  3~H:  TARGET  EXTENDED  RDU 


In  order  to  simulate  the  effects  of  a  range-extended  target,  multiple,  incrementally-delayed  outputs  are  required 
from  the  RDU.  After  the  initial  range  delay  period  has  expired,  each  output  channel,  in  turn,  provides  a  separate  RF 
output  to  a  sidestep  mixer  where  it  is  modulated  by  the  proper  spectrum  for  that  time  increment.  In  this  RDU  the  time 
extension  is  accomplished  in  a  digital  Target  Extender  operating  at  half  of  the  output  clock  rate.  The  extender  consists 
of  parallel,  8-bit  shift  registers  with  separate  RF  output  cfiannels  for  each  stage  of  the  register.  The  input  of  the  range 
extender  comes  from  the  range  delayed  main-memory  output.  This  is  illustrated  in  Fig.  3^.  The  incremental  delay  of 
this  unit  is  selectable.  Figure  3-3  shows  the  representation  of  a  range-extended  target  using  23  ns  increments.  Each 
output  channel  is  independent  in  amplitude,  doppler,  spectral  content,  ^  angular  position  in  the  Target  Simulator. 

The  shift-register  approach  for  the  Target  Extender  discussed  above  will  work  only  for  high  PRF  target  simulations 
where  the  total  incremental  delays  span  a  few  hundred  nanoseconds  at  most.  For  low  and  medium  PRF  systems  and 
extended  clutter  simulations,  a  different  approach  to  generate  the  incremental  output  channels  can  be  used.  In  this  case, 
the  range  extender  is  not  activated.  Instead,  the  pulse  information  in  the  main  memory  is  repeatedly  read  out  to  the 
separate  RF  output  channel  with  each  readout  incrementally  delayed  from  the  previous  one.  The  first  readout  occurs  at 
the  rcuige  delay  time.  This  extended  output  technique  is  designated  "MODE  2".  The  range  extender  approach  is 
designated  "MODE  1". 

For  clarity  the  two  modes  of  operation  of  the  RDU  are  shown  in  an  equivalent  form  in  Fig.  3-6  and  3-7.  In  these 
figures,  the  continuously  cycling  digital  memory  is  represented  as  a  rotating  drum  memory.  The  size  of  the  digital 
memory  is  such  that  the  entire  memory  will  be  cycled  every  204.8  microseconds.  In  MODE  1,  Fig.  3-6,  the  memory  write 
function  operates  continuously  so  that  a  continuous  reproduction  of  both  pulse  arxl  intra  pulse  gap  information  is 
recorded  in  the  memory.  The  output  information  is  also  read  continuously  from  the  memory.  However,  the  memory 
address  from  which  the  output  data  is  taken  is  offset  from  the  write  address  by  the  value  of  range  delay  required.  A 
given  pulse  written  into  the  memory  will  not  appear  at  the  output  until  the  delay  period  has  elapsed.  As  shown  in  the 
figure,  the  range  delayed  output  is  supplied  simultaneously  to  the  first  RF  output  channel  and  to  the  range  extender  shift 
register  (delay  line).  Taps  at  each  stage  of  the  shift  register,  at  100  ns  increments  in  this  example,  feed  the  pulse 
information  to  the  remaining  RF  output  channels.  Note  that,  in  this  mode,  no  transmitted  pulse  trigger  is  required  since 
the  read  and  write  functions  operate  continuously.  The  Pulse  Repetition  Interval  (PRl)  can  be  less  than  the  range  delay, 
and  the  Pulse  Width  (PW)  can  exceed  the  incremental  output  delay. 

Figure  3-7  shows  the  equivalent  MODE  2  RDU  model.  In  this  mode  the  read  address  is  initialized  to  the  Range 
Delay  value  but  is  incremented  seven  times  to  provide  additional  output  repetitions  of  the  same  input  pulse.  Since  the 
read  electronics  must  know  where  in  memory  a  pulse  is  located  in  order  to  step  ahead  of  it,  a  trigger  signal  is  required  at 
the  time  the  input  pulse  occurs  to  denote  the  write  address  where  that  pulse  is  stored.  After  the  range  delay  period,  the 
read  address  will  agree  with  the  stored  pulse  location  and  the  read  electronics  will  start  the  output  sequences.  As  each 
RF  output  is  complete,  the  read  address  is  incremented  and  the  next  sequential  RF  output  channel  is  selected.  Once  a 
pulse  is  written  into  the  memory,  no  further  input  pulses  will  be  accepted  until  the  output  sequence  for  that  pulse  is 
complete,  since  only  one  write  address  is  stored  at  a  time.  Unless  added  provisions  are  made  to  stack  pulse  location 
addresses,  the  signal  PRI  cannot  exceed  the  Range  Delay  in  this  mode.  The  maximum  incremental  delay  can  be  as  large 
as  requir^,  but  it  cannot  be  less  than  the  signal  pulse  width. 

Figure  3-8  shows  typical  signals  at  the  RF  ports  of  the  RDU  using  the  two  modes  of  operation.  MODE  1  will 
accomodate  high  PRF,  hi^  duty  cycle  signals  but  with  only  limited  incremental  delay.  MODE  2  will  accomodate  signals 
which  have  no  range  foldover  with  nearly  unlimited  incremental  delay,  but  the  pulse  width  must  be  less  than  the 
incremental  delay. 

Two  additional  features  were  provided  on  the  Digital  RDU  as  finally  implemented:  In  order  to  provide  the 
capability  to  adjust  the  relative  delay  between  a  point  target  and  the  associated  clutter,  the  specific  RF  output  channel 
used  as  the  point  target  can  be  selected  to  derive  its  output  signals  from  any  one  of  the  digital  output  channels.  To 
improve  the  subclutter  visibility  under  certain  test  conditions,  each  output  chanrwl  can  be  selected  to  ignore  signal  phase 
information  to  reduce  the  effects  of  sampling  noise  in  a  clutter  channel. 


4.  DIGITAL  RDU  PERFORMANCE 

One  version  of  the  Range  Delay  Unit  described  was  packaged  into  a  single  standard  19  inch  rack  approximately  6 
feet  high  for  use  in  a  Target  Simulator.  Due  to  the  power  dissipation  of  the  ECL  circuits  in  the  main  memory  and  target 
extender,  cooling  air  is  required  for  a  laboratory  environment.  Table  4-1  summarizes  the  actual  performance  which  was 
achieved  for  this  unit.  The  bandwidth  and  spurious  output  levels  vary  slightly  between  output  channels.  The  amount  and 
amplitude  of  spurious  signals  in  the  output  channels  is  dependent  upon  the  offset  between  the  signal  carrier  frequency 
and  the  L.O.  (channel  center)  frequency.  Narrowband  Spurs  are  defined  when  this  difference  is  less  than  1.0  MHz  - 
Wideband  Spurs  are  defined  when  the  difference  is  greater  than  1.0  MHz.  Coherency  refers  to  the  RDU  output  mode  for 
which  the  signal  phase  information  is  reproduced. 

This  unit  has  been  operational  in  a  Radar  Target  Simulator  and  has  successfully  provided  high  quality  range  delay 
and  extended  delay  functions  for  missile  acquisition  and  guidance  testing.  A  second  unit  with  improved  performance  is 
under  construction  and  will  be  installed  in  the  same  facility. 


7-9 


table  4-1 

digital  rdu  performance  summary 


center  frequency 
bandwidth 

OUTPUT  CHANNELS 

delay  range 

DELAY  RESOLUTION 

COHERENT  MODE  SPURS  (nARROWBAND) 

COHERENT  MODE  SPURS  (WIDEBAND) 

NON-COHERENT  MODE  SPURS  (WIDEBAND) 


1-2  GHz 
98-128  MHz 
8 

0-3  TO  205ps 
12.5  ns 

-30  TO  -33  dBc 
-12  TO  -18  dBc 

-60  TO  -68  dBc 
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SIMULATION  VALIDATION  EXPERIENCE  -  PATRIOT  GUIDANCE  SYSTEM 

by 

William  C.Morton 
PATRIOT  ATBM  Lead  Engineer 
Raytheon  Company,  Bedford  Laboratories 
Mail  Stop  M3- 13 
Hartwell  Road 
Bedford,  MA  0 1 7 30,  USA 


SUMMARY 

The  Increased  use  of  sophisticated  simulations  as  performance  prediction  tools  during  the  develop¬ 
ment  of  guided  missile  systems  has  placed  greater  emphasis  on  comprehensive  validation  of  the  models 
used.  Validation  of  several  simulations  has  been  accomplished  by  Raytheon  Company  while  developing 
the  Army's  PATRIOT  air  defense  system.  This  paper  presents  the  validation  experience  for  two  large- 
scale  guidance  simulations;  the  Hybrid  Guidance  System  Simulation  and  the  Guidance  Test  and  Simulation 
Facility.  Examples  of  the  data  collected  are  presented  In  the  course  of  discussing  the  approach  to 
validating  all  mathematical  as  well  as  hardware-lo-the-loop  simulations.  Conclusions  are  drawn  as  to 
the  most  effective  methods  and  the  value  of  the  validation  process  to  the  overall  system  development. 

INTRODUCTION 

Simulation  validation  has  played  an  Important  role  throughout  the  development  by  Raytheon  Company 
of  the  PATRIOT  Army  air  defense  guided  missile  system  which  entered  produ-tlon  In  1980.  PATRIOT  Incor¬ 
porates  a  number  of  unique  concepts  In  the  areas  of  communications,  command  and  control,  surveillance, 
and  guidance  that  enhance  Its  effectiveness  against  a  broad  spectrum  of  threats.  It  Is  designed  to 
operate  under  extreme  weather  conditions  or  In  a  heavy  clutter  environment,  and  It  retains  Its  capability 
In  the  presence  of  advanced  ECM.  Throughout  PATRIOT'S  development  cycle,  sophisticated  simulations 
have  played  a  major  role  In  the  design  and  evaluation  activities.  Validation  of  these  simulations  has 
been  essential  In  order  to  extend  this  performance  prediction  capability  throughout  the  broad  PATRIOT 
operating  environment. 

Over  the  many  years  of  development,  a  broad  spectrum  of  simulations  has  evolved.  Major  simulations 
utilized  for  evaluating  system  performance  have  all  gone  through  a  comprehensive  validation  process. 

These  are  the  Hybrid  Guidance  System  Simulation  (HI),  the  Guidance  Test  and  Simulation  Facility  (GTSF), 
the  Surveillance  Simulation  (SI),  and  the  Lethality  End  Game  Simulation  (LEGS).  Validation  experience 
with  the  two  guidance  simulations  has  been  selected  for  detailed  presentation,  since  this  Involves 
both  all-mathematical  (HI)  programs  and  hardware-ln-the-loop  (GTSF)  facilities.  The  approach  to 
validation  la  described,  and  the  results  obtained  are  summarized  and  discussed.  Finally,  some  comments 
are  presented  relative  to  the  value  and  cost  effectiveness  of  extensive,  formal  validation  of  large 
scale  simulations. 

VALIDATION  APPROACH 

Simulation  validation,  simply  put,  Is  a  formal  verification  of  Che  fidelity  of  the  models  and  Che 
accuracy  of  the  Input  parameters.  In  principle  it  Is  simple,  but  the  actual  carrying  out  of  the  vali¬ 
dation  process  requires  careful  planning  and  thorough  engineering  analyses  of  available  data. 

Figure  1  Illustrates  the  Interconnecting  links  In  completing  the  validation  process  (Reference 
1).  The  general  approach  Is  a  comparison  of  simulation  and  test  results.  This  ranges  from  testing 
of  Individual  subsystem  models  against  equivalent  hardware  tests, Co  statistical  hypothesis  testing  of 
key  performance  Indicators,  as  well  as  fllght-by-f light  comparisons  of  predictions  and  test  results. 

Since  "hardware-ln-the-loop"  simulations  as  well  as  "all  math  model"  simulations  must  be  validated, 
comparisons  between  these  two  can  also  aid  the  process.  Briefly,  the  steps  to  be  undertaken  are  as 
follows: 


Figure  1.  The  Simulation  Validation  Process. 
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1)  Final  developnent  of  aodel 

2)  Verification  and  docunentation  of  all  aloulatlon  paraneters,  including  software  data 
base  itena  and  results  of  hardware  tests 

3)  Verification  of  subsystem  models  through  laboratory  and  field  tests  using  forcing  func¬ 
tion  techniques 

4)  Verification  of  combinations  of  subsystem  models  through  comparison  of  time  histories 
of  key  output  variables 

5)  Verification  of  the  complete  system  level  model  against  flight  test  results: 

a)  for  individual  teats  where  results  for  key  variables  must  fall  within  bounds 
set  by  multiple  sample  aimulatlons 

b)  for  some  number  of  related  flights  where  the  flight  and  simulation  statis¬ 
tical  distributions  of  key  parameters,  such  as  miss  distance,  must  be  com¬ 
pared  successfully  using  hypothesis  testing 

6)  Documentation  of  the  results  of  each  of  the  above 

7)  A  formal  acceptance  of  each  subsystem  model  and  the  full  system  level  program  by  a  com¬ 
mittee  with  direct  interest  and  sufficient  expertise  to  assess  the  results. 

The  cumulative  exercise  of  reasonable  engineering  Judgment  in  resolving  anomalies  and  in  evalua¬ 
ting  component,  subsystem,  and  system  simulation  predictions  provides  a  high  degree  of  confidence  chat 
Che  simulations  are  a  valid  representation  of  the  system  over  the  range  of  operation  represented  by 
Che  teats.  The  hypothesis  testing  provides  another  means  for  evaluating  the  degree  of  validity  that 
can  be  ascribed  to  Che  simulations.  As  the  test  program  provides  performance  data  over  a  wider  range 
of  operating  conditions,  the  range  of  simulation  validation  will  gradually  be  extended.  When  the 
simulations  are  considered  to  be  validated,  their  configuration  is  placed  under  formal  control  and 
these  controlled  configurations  are  used  to  establish  specification  compliance. 

Ad  hoc  validation  committees  consisting  of  Raytheon  and  government  personnel  were  formed  in  mld- 
1977  for  the  HI  hybrid  guidance  simulation  and  early  In  1978  for  the  GTSF  hardware-in-the-loop  guidance 
test  facility.  In  late  1977,  the  flr^t  subsystems  validation  data  for  HI  was  successfully  presented 
Co  that  committee.  The  preparation  and  presentation  of  data  for  both  simulations  continued  at  the 
subsystem  level  throughout  the  following  year.  After  completion  of  a  number  of  PATRIOT  flight  tests, 
system  level  validation  data  was  presented  to  the  respective  committees.  In  December  of  1978,  the 
HI  validation  coaltCee  accepted  that  slisulation  as  a  valid  representation  of  PATRIOT  performance 
throughout  the  performance  envelope;  the  GTSF  validation  committee  similarly  accepted  the  validity  of 
Chat  facility  in  July  of  1979.  Extensive  validation  reports  were  subsequently  published  for  both 
simulations . 

HYBRID  (HI)  DESCRIPTION 

An  overall  view  of  the  HI  simulation,  which  has  full  slx-degree-of-freedom  motion  capability,  is 
presented  in  Figure  2.  All  essential  elements  that  contribute  to  performance  of  the  guidance  system 
are  modeled  with  a  relatively  high  degree  of  complexity.  This  Includes  a  complete  functional  represen¬ 
tation  of  the  guidance  and  control  software  resident  in  both  ground  and  missile  borne  computers.  Model¬ 
ing  of  the  signal  processing  required  for  cracking  by  both  the  missile  seeker  and  the  ground  radar 
includes  options  for  a  full  range  of  environmental  effects,  including  ECM.  In  addition  to  the  various 
control  elements,  the  missile  is  represented  by  a  Single  Panel  Aero  Model  involving  over  30,000  data 
points. 


The  hybrid  Implementation  of  Che  simulation  has  changed  gradually  over  the  years  since  1969,  when 
Che  program  first  became  operational.  The  Initial  version  combined  a  Comcor  CI-5000  analog  computer 
with  a  CDC-6600  digital  machine  and  appropriate  Interface  equipment.  The  digital  portion  was  continually 
upgraded  through  the  addition  of  more  complex  models,  and  the  rapid  development  and  acquisition  of 
new  CDC  digital  equipment.  A  Comcor  CI-500  analog  machine  was  also  added  as  the  program  expanded. 

In  1976,  a  PATRIOT  Missile  Borne  Computer  (MBC)  was  integrated  into  the  hybrid  structure.  Around 
1980,  special  versions  of  the  program  were  developed  using  an  ADI  AD-10  digital  processor  to  replace 
much  of  the  aging  analog  equipment  and  the  MBC.  The  use  of  these  machines  is  presently  being  expanded 
as  the  simulation  evolves  more  towards  an  all-digital,  multi-machine  implementation  to  achieve  increased 
reliability. 

HI  VALIDATION  RESULTS 

Because  of  the  complexity  of  the  HI  program,  a  formal  comprehensive  validation  plan  was  prepared. 
This  plan  included  substantial  validation  at  the  subsystem  level  of  each  of  the  model  areas  indicated 
in  Figure  2.  Subsystem  validation  generally  consisted  of  model  performance  validation  and  model  inter¬ 
nal  parameter  value  validation.  Model  performance  validation  was  accomplished  by  co^>arlng  input/output 
test  results  from  the  simulation  model  with  actual  hardware  test  results.  When  possible,  the  validation 
process  was  supported  by  comparison  of  subsystem  outputs  from  flight  test  records  with  post-flight 
simulation  reconstructions  from  the  simulation  models.  Parameter  value  validation  was  accomplished 
by  comparison  with  vendor  component  test  statistics,  factory  assembly-level  test  statistics,  design 
test  results,  and  qualification  test  results  (Reference  2). 

One  of  the  more  comprehensive  HI  subsystem  validation  efforts  was  the  examination  of  the  seeker 
aodel.  Included  in  the  seeker  model,  in  addition  to  the  bwo-axis  glnballed  platform,  are  models  of 
the  three  rate  integrating  gyros,  two  torque  motors,  rotation  matrices,  and  tht  glabal  stabilisation 
loops.  Initial  model  and  parameter  validation  was  accomplished  through  comparison  with  three  axis  base 
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ootlon  design  tests  and  an  accompanying  detailed  digital  model  of  the  seeker.  Comparison  of  these 
tests.  In  which  the  seeker  was  mounted  on  a  three-glmballed  flight  table  and  driven  with  sinusoidal 
base  motion  rates,  served  to  validate  the  seeker  model  In  a  zero  acceleration  environment.  Figure  3 
presents  a  typical  comparison  of  HI  results  and  the  detailed  seeker  model  results  (which  were  compared 
separately  to  the  test  results).  Note  that  perfect  agreement  was  not  expected,  since  the  HI  model  of 
necessity  contains  some  approximations.  In  general,  the  shape  and  relative  phasing  of  the  simulated 
waveforms  for  all  Important  seeker  variables  were  In  good  agreement. 

Inherently,  this  comparison  between  two  Independently  developed  models  also  validated  many  of  the 
seeker  Input  parameters.  This  parameter  validation  was  further  strengthened  through  co^iarlsons  with 
statistics  from  hardware  acceptance  tests,  qualification  tests,  and  factory  assembly  level  tests. 

These  tests  were  conducted  on  missile  flight  seekers,  and  the  teat  sample  else  typically  ranged  from 
eight  to  more  than  twenty  missiles.  In  sow  cases,  parameters  are  represented  In  the  simulation  with 
single  values,  while  others  are  represented  statistically  with  an  appropriate  distribution  (normal, 
uniform,  bipolar,  etc).  Specifics  on  these  parameter  comparisons  are  not  presented  here,  but  the 
following  lists  many  of  the  Important  Items  Individually  validated: 

gyro  float  angle  Halts 
mass  unbalance 
gyro  alignment  errors 
drifts 

plckoff  gains 
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Figure  3.  Hotor  Torque  Coaperleon  Coaplex  Seeker  Model  versus  HI  Seeker. 


torquer  gains 
scale  faccor  errors 
cable  stiffness 
glabal  friction 

The  final  step  In  aubsystea  validation  of  the  HI  seeker  aodel  Involved  Che  use  of  flight  test 
data  In  order  to  validate  Che  aodel  under  realistic  acceleration  environments.  This  was  accoapllshed 
through  Che  direct  use  of  appropriate  CeleaeCry  data  to  drive  the  seeker  portion  of  the  simulation. 
Telemetry  data  (on  tape)  for  Che  three  missile  body  rates,  three  body  accelerations,  and  the  pltch/yaw 
seeker  rate  coamands  were  suitably  processed  and  formatted  to  provide  Input  data  to  HI.  Key  outputs 
from  Che  aodel  were  recorded  and  compared  Co  telemetry  data;  this  Included  comparisons  of  gyro  angles, 
motor  torques,  glabal  angles,  and  head  roll  rate.  Figure  4  presents  some  typical  results  for  one  of 
the  flights.  As  with  Che  three  axis  test  comparisons,  some  differences  were  anticipated  due  Co  approx¬ 
imations  In  the  aodel.  (k>nslderable  engineering  analysis  was  expended  In  examining  all  differences 
and  preparing  explanations  which  would  be  found  acceptable  In  subsequent  presentations  to  the  Validation 
CoamlCCee. 

Following  successful  validation  of  each  of  the  subsystem  models,  system  level  comparisons  were 
conducted  which  confirmed  chat  sufficient  complexity  had  been  Included  In  all  the  models,  and  chat 
each  part  of  Che  simulation  interacts  properly  with  all  other  parts.  Key  system  model  parameters  were 
selected  and  comparisons  were  made  between  HI  simulation  results  and  flight  test  values.  The  compari¬ 
sons  were  made  for  each  poatfllghc  analysis  for  both  control  tests  and  full-up  guidance  tests  and 
documented  In  Che  final  flight  reports.  Figure  S  summarizes  the  parameters  selected  for  system  model 
validation. 

In  general,  Che  validation  criteria  were  the  acceptable  comparison  of  HI  parameter  histories  with 
all  Che  flight  test  results.  Acceptability  was  decided  on  the  basis  of  engineering  judgment  and  was 
strengthened  by  successful  statistical  hypothesis  testing  regarding  Che  overall  guidance  miss  distance 
characteristics  of  the  simulation.  The  basic  approach  was  the  comparison  of  recorded  flight  parameter 
histories  with  HI  minimum  and  maximum  envelopes  generated  from  25  flight  Monte  Carlo  poscfllghc  recon¬ 
structions.  With  a  25  flight  sample  size.  It  Is  expected  that  the  minimum/maximum  boundaries  typically 
reside  near  the  two  sigma  boundary  of  parameter  variation.  Therefore,  some  small  percentage  of  the 
time  Che  flight  record  would  be  expected  to  appear  outside  the  envelope  generated  by  a  valid  simulation. 


Figure  A.  Comparison  of  HI  and  Flight  Seeker  Performance. 
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•  FLIGHT  TIME 

•  INTERCEPT  VELOCITY 
•SEEKER  POINTING  ERROR 

•  HEADING  ERROR 

•  MISS  COMPONENTS 

•  TOTAL  MISS 


•PITCH/YAW  GIMBAL  ANGLES 
•PITCH/VAW  GIMBAL  TORQUE 
•PITCM/VAIN  GYRO  ANGLES 


•  MASS 

•  THRUST 


Figure  5,  Key  Systea  Validation  Paraaeters. 


Nuaeroua  exaaplea  of  aost  of  the  paraaeter  coaparlsons  are  available  In  reports  and  were  presented 
to  the  Validation  Coaatttee<  Figures  A  and  7  serve  as  Illustrative  examples  of  the  many  comparisons 
of  Important  system  paraaeters  that  were  successfully  accomplished. 

In  addition  to  the  time  history  comparisons,  other  parameter  comparisons  were  made  during  specific 
guidance  events  In  each  flight.  The  selected  paraaeters  were: 

1)  miss  distance  components  In  the  relative  velocity  (target  centered)  coordinate  system 

2)  flight  time  at  Intercept 

3)  missile  Intercept  velocity 

4)  heading  error  at  the  beginning  of  terminal  guidance 

5)  seeker  pointing  error  at  the  beginning  of  the  TVN 
guidance  phase 

The  application  of  hypothesis  testing  to  miss  distance  observations  was  made  to  validate  upper-level 
system  model  statistical  properties  as  they  relate  to  representing  the  system  kill  probability.  The 
validation  criterion  la  the  acceptance  that  a  sample  of  all  the  observed  flight  test  misses  and  a 
sample  of  all  corresponding  HI  misses  are  drawn  from  the  same  population.  The  selected  test  of  this 
statistical  hypothesis  was  the  nonparaaetric  Kolaogorov-Salrnov  (K-S)  two  sample  test.  The  primary 


Figure  6.  Typical  System  Level  Validation  Coaparlsons  (Control  Test  Vehicle  Flight). 


FlKure  7.  Typical  Systeii  Level  Validation  Comparison  of  Missile  Dynamics. 


conclusion  that  was  to  be  established  by  simulation  validation  was  that  HI  guidance  performance  Inference 
Is  the  same  as  that  drawn  from  live  test  firings.  It  was  reasoned  that  since  miss  distance  Is  the 
primary  guidance  performance  Indicator,  this  conclusion  reduces  to  the  pragmatic  hypothesis  that  HI 
miss  performance  Is  an  accurate  prediction  of  the  real  world  performance.  Through  flight  test  data 
availability  and  data  error  considerations,  and  fllght-by-f light  versus  aggregate  testing  considerations, 
the  validation  plan  equated  this  hypothesis  to  the  following  statistical  hypothesis:  A  sample  of  all 
flight  test  misses  and  a  sample  of  all  corresponding  HI  misses  are  drawn  from  Che  same  population. 

The  results  of  this  process  for  78  flights  (there  were  579  corresponding  HI  sample  misses)  Is 
presented  In  Figure  8.  Without  detailing  the  resulting  numbers  of  the  K-S  testing,  It  Is  clear  the 
statistical  hypothesis  was  accepted  and  It  was  concluded  that  the  HI  guidance  miss  performance  represents 
the  actual  system  performance. 


Figure  8.  Statistical  Comparison  of  Miss  Distance  Results. 
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GTSF  DESCRIPTION 

The  PATRIOT  Guidance  Teat  and  Staulatlon  Facility  (GTSF)  was  coapleted  In  1971  and  has  also  played 
a  significant  role  In  the  successful  developnent  of  Che  PATRIOT  guidance  function.  The  GTSF  allows 
the  testing  of  the  nisslle  guidance  hardware  and  software  In  a  real  tine  hybrid  slaulatlon,  exercising 
the  syscea  guidance  eleaencs  over  the  full  flight  envlronnent.  The  facility  Incorporates  actual  PATRIOT 
tactical  hardware  operating  In  a  closed  loop  envlronaenc  using  specially  designed  facility  hardware  to 
provide  a  realistic  representation  of  target  dynaalcs  and  radar  characteristics,  along  with  the  opera¬ 
tional  envlronisent  that  Che  nisslle  would  encounter  In  a  typical  engageaent.  The  slaulatlon  facility 
Is  Interconnected  with  a  high-speed  hybrid  (analog/dlgltal)  coapuCer  systen  that  Is  prograaned  to 
provide  a  coaplece  slaulatlon  slallar  to  HI  of  the  alsslle  aerodynaalcs,  klnenatlcs,  and  nlsslle-to- 
target  geoaetry.  In  addition,  the  hybrid  coaputer  controls  the  facility's  slaulatlon  hardware  through 
a  special  Interface. 

A  functional  block  dlagraa  of  the  GTSF  (Reference  3)  Is  shown  In  Figure  9.  The  hardware  la  divided 
Into  three  functional  groups  Including  the  PATRIOT  Ground  Guidance  Slaulatlon,  the  PATRIOT  Airborne 
Oildance  Slaulatlon,  and  the  Envlronaenc  Slaulatlon. 


Figure  9. 


GTSF  Functional  Block  Dlagraa 
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The  Ground  Guidance  Slnulatlon  includes  the  following  PATRIOT  guidance  syscen  hardware; 

Weapons  Control  Coaputer  (WCC) 

Control  Unit  Group  (CUG) 

Wavefom  Generator  (WFG) 

Signal  Processing  Group  (SPG) 

TVM  Active  and  Correlator  Processors 

Receiver  Front  Ends  of  Radar  Receiver  Group  (RRG) 

Modified  Exciter 

all  of  which  are  Integrated  with  the  Multifunction  Radar  Model  using  a  Datacraft  6024/7  and  a  Launcher 
Slmilator  using  the  Intellect  8  and  the  Datacraft  6024/5  coaputers«  The  Inclusion  of  an  actual  WCC 
allows  the  use  of  PATRIOT  flight-software  builds  directly  In  the  slaulatlon. 

The  Airborne  Guidance  Slaulatlon  Includes  the  PATRIOT  Radoae,  Seeker,  Guidance  Electronics,  Auto¬ 
pilot,  Missile  Some  Coaputer  (MBC)  and  the  Control  Actuator  Section,  The  alsslle  hardware  with  the 
exception  of  the  Control  Actuator  Section  and  the  MBC,  la  aounted  on  a  three-axis  flight  table.  The 
flight  table,  driven  by  the  body  rotational  aotlon  coi^uted  in  the  alsslle  aerodynaalc  and  kinematic 
model  of  the  hybrid  coaputer,  applies  base  aotlon  to  the  PATRIOT  seeker.  The  missile  looks  Into  an 
anecholc  chamber,  where  It  receives  up  to  four  Independent  target  returns  from  the  Multiple  Target 
Simulator,  The  target  returns  are  syntheslxed  from  the  Illuminator  wavefom  generated  by  the  ground 
guidance  system.  The  anecholc  chamber  serves  as  the  free  apace  medlua  to  allow  the  transmission  of 
simulated  target  Illumination  signals  from  the  Multiple  Target  Simulator  to  the  alsslle  seeker.  The 
purpose  of  the  anecholc  chaaber  la  to  duplicate,  within  a  constrained  volume,  the  free-space  RF  environ¬ 
ment  encountered  by  the  missile.  The  GTSF  anecholc  chaaber,  which  Is  25  feet  long,  14  feet  high  and 
14  feet  wide,  is  sufficiently  large  so  that  characteristic  phase  patterns  of  target  reflected  signals 
are  established  as  In  free  space, 

GTSF  VALIDATION  RESULTS 

Since  Che  complexity  of  Che  GTSF  Is  comparable  to  Chat  of  HI,  a  similarly  structured  approach  to 
validation  was  followed,  A  formal  GTSF  validation  plan  was  prepared  and  a  systematic  approach  to  both 
subsystem  and  system  level  validation  was  established.  However,  the  hardwsre-ln-che-loop  nature  of 
Che  facility  clearly  leads  to  some  differences  In  Che  way  In  which  subsystem  validation  was  accomplished. 
Validation  of  Che  PATRIOT  hardware  resident  In  the  GTSF  was  not  considered  to  be  a  requirement,  but 
was  accomplished  through  a  configuration  audit.  Results  from  acceptance  and  Integration  tests  of 
hardware  and  software,  at  various  levels  of  GTSF  assembly,  provided  the  basis  for  performance  verifica¬ 
tion  of  this  equipment.  Special  tests  were  performed  on  the  hardware/slmulaclon  Interfaces,  Also, 
many  of  Che  computer  (mathematical)  models  In  GTSF  are  Identical  to  ones  used  In  the  HI,  e,g,,  the 
aerodynamics  model.  No  new  validation  was  required  once  It  was  established  that  a  model  was  Identical 
through  comparison  of  slaulatlon  code.  Where  models  were  not  Identical,  comparison  to  the  appropriate 
validated  HI  model  was  considered  an  acceptable  basis  for  establishing  validation  of  a  GTSF  model. 

Simulation  of  complex  ECM  environments  that  could  not  be  modelled  In  HI  Is  one  of  the  key  advantages 
of  the  GTSF,  Accordingly,  consldersble  emphasis  In  the  subsystem  model  validation  was  placed  on  testing 
Che  RF  energy  source  and  environmental  models.  These  tests  Included  comparisons  of  signals  at  various 
points  within  the  equipment  for  proper  scaling  and  Interfacing,  checking  signal  representations  with 
other  more  extensive  model  results,  and  comparison  of  simulation  results  to  flight  test  records. 

Many  photographic  comparisons  were  made  to  validate  the  signals  delivered  at  the  Interface  with 
the  PATRIOT  system  receivers.  In  these  tests,  the  signal  amplitude,  bandwidth,  and  frequency  charac¬ 
teristics  at  Che  output  of  Che  Waveform  and  ECM  generators  is  compared  to  the  corresponding  signal 
delivered  as  an  input  Co  one  of  the  system  receivers,  A  close  match  of  the  spectrum  was  required. 

Similar  comparisons  were  also  made  between  Che  output  of  the  facility  Waveform  Generator  and  the  signal 
delivered  at  the  antenna  array  In  Che  anecholc  chamber  where  the  RF  signal  is  radiated  to  Che  missile 
seeker. 

As  another  example,  consider  the  representation  of  ground  clutter  effects.  Here,  the  validation 
of  both  hardware  and  software  elements  was  accomplished  through  Inspection  of  the  signal  spectrum  at 
key  points  and  comparison  of  the  spectral  data  to  similar  results  obtained  with  a  complex,  all  digital 
clutter  spectrum  analysis  program.  Figure  10  is  typical  of  these  comparisons,  showing  the  amplitude 
characteristics  predicted  by  the  analysis  program  and  selected  points  produced  within  the  GTSF. 

Flight  test  records  permitted  comparison  of  all  important  target  tracking  parameters,  Including 
such  variables  as  signal  to  noise  ratio,  boreslght  angle  tracking  errors,  and  range  and  doppler  tracking 
errors.  One  of  the  signal  to  noise  comparisons  is  presented  In  Figure  11;  as  can  be  seen,  the  results 
are  quite  similar  once  an  appropriate  correction  to  the  GTSF  preflight  data  Is  made.  This  correction 
is  typical  of  what  Is  revealed  as  part  of  the  extensive  analysis  which  must  be  done  during  the  validation 
process.  In  this  case.  It  was  learned  from  Independent  data  sources  that  the  target  cross-section  was 
higher  and  the  JanBing  power  lower  than  was  scripted.  Rather  than  rerun  the  GTSF  data  (facility  time 
Is  tightly  scheduled)  an  obvious  adjustment  of  the  GTSF  preflight  data  could  be  made. 

The  systems  level  validation  of  GTSF  was  carried  out  In  a  manner  essentially  the  same  as  that 
conducted  for  HI.  The  key  system  parameters  previously  Identified  (see  Figure  5)  were  compared,  for 
GTSF  versus  flight  test  results,  as  well  as  the  track  loop  variables  described  above.  Again,  consider¬ 
able  engineering  Judgment  had  to  be  applied  In  assessing  the  acceptability  of  the  simulation  predicted 
boundaries  In  comparison  to  the  actual  flight  data.  This  was  even  more  true  In  validating  the  GTSF, 
since  due  to  schedule  restrictions  the  facility  was  generally  not  available  to  rerun  the  simulation 
predictions  to  account  for  deviations  of  the  flight  test  from  Its  planned  scripting.  Accounting  for 
these  differences,  acceptable  agreement  between  GTSF  predictions  and  flight  results  was  obtained  for 
such  variables  as  trajectory  components,  velocity,  missile  accelerations,  body  rates,  and  seeker  glmbal 
angles.  The  comparisons  were  made  for  five  Intercept  conditions  selected  to  represent  the  altitude- 
range  region  of  PATRIOT  Intercept  capability. 


SIGNAL  STRENGTH  SUM  CHANNEL 


Figure  10.  GTSF  Clutter  Validation  Data. 


SKIN  PROCESSING 


Figure  11.  Typical  CTSF  versus  Flight  S/N  Coaparlson. 
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As  with  HI,  the  final  step  In  GTSF  validation  was  to  apply  K-S  hypothesis  testing  to  statistical 
miss  distance  distributions  obtained  fron  slanilatlons  and  Che  corresponding  flights.  In  this  comparison, 
there  were  26  flight  tests  suitable  for  use  and  a  corresponding  sample  size  of  366  GTSF  Monte  Carlo 
data  points.  The  results  are  presented  In  Figure  12;  the  statistical  hypothesis  Chat  Che  two  samples 
came  from  the  same  population  was  passed  at  the  desired  level  of  test  significance.  The  Validation 
Committee  concluded  that  GTSF  subsystems  and  system  models  are  representative  of  PATRIOT  and  are  adequate 
for  system  performance  demonstration. 

COST  EFFECTIVENESS  OF  SIMULATION  VALIDATION 

Cost  effectiveness  of  the  validation  activity  must  of  course  be  considered  in  planning  such  an 
effort.  In  examining  the  cost  effectiveness,  one  must  be  careful  to  recognize  the  ancillary  benefits 
to  the  system  development  process  to  be  gained  from  simulation  validation  (Reference  A).  Although  the 
cost  of  validation  may  In  fact  be  justified  solely  by  the  Importance  of  decisions  made  on  the  basis 
of  simulation  performance  predictions,  the  benefits  to  the  overall  system  development  process  must 
also  be  considered  In  assessing  Che  worth  of  the  validation  task. 

There  are  two  basic  approaches  utilized  in  validating  a  simulation.  One  technique  Is  to  make 
extensive  comparisons,  at  both  Che  subsystem  and  system  level,  between  simulated  results  and  actual 
test  data.  These  comparisons  can  be  deterministic  In  nature  or  take  Into  account  the  statistical 
variation  of  both  test  and  simulation  data.  The  criteria  for  establishing  validity  are  primarily 
engineering  Judgments  made  on  Che  comparisons.  The  second  technique  la  Co  establish  a  number  of  key 
Indicators  of  system  performance,  such  as  velocity  history  or  miss  distance,  and  compare  statistical 
test  and  simulation  (Monte  Carlo)  results.  The  criterion  Is  the  passage  of  appropriate  hypothesis 
tests  or  ocher  statistical  criteria  applied  to  these  comparisons. 

Experience  gained  In  validating  missile  system  simulations  at  Raytheon  has  Indicated  chat  a 
mixture  of  the  two  techniques  provides  Che  most  efficient,  effective  approach.  In  general,  considerably 
more  emphasis  Is  appropriately  placed  on  extensive  engineering  comparisons  than  on  Che  performance  of 
numerous  hypothesis  tests.  These  extensive  comparisons  Inherently  Increase  Che  benefits  fed  back  Into 
Che  system  engineering/development  process.  One  must  also  recognize  Che  limitations  of  employing 
statistical  hypothesis  testing.  In  order  to  validate  simulations  early  enough  In  the  development 
program  to  permit  their  use  In  making  Important  program  decisions,  one  Is  faced  with  a  limited  number 
of  missiles  and  other  equipment  having  been  built,  and  an  even  more  limited  number  of  flight  tests. 

The  resulting  small  sample  size  tends  Co  greatly  weaken  the  strength  of  most  hypothesis  tests  and 
makes  them  quite  easy  to  pass.  Furthermore,  it  Is  impossible  to  assume  a  distribution  for  many  impor¬ 
tant  variables  due  to  non-linear  system  operation,  leading  to  use  of  even  weaker  nonparametrlc  tests. 

System  development  benefits  from  simulation  validation  Include  the  uncovering  of  deficient 
hardware  performance.  Identification  of  previously  unidentified  subsystem  characteristics  (which  might 
lead  to  system  design  changes),  and  the  emphasis  validation  places  on  comprehensive  test  planning,  to 


Figure  12.  Statistical  Comparison  of  GTSF  Mias  Distance  Results 
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naoe  a  few.  These  benefits  are  best  Illustrated  by  some  examples  that  could  be  encountered  during 
validation: 

A  sound  validation  effort  Includes  many  comparisons  of  simulation  Input  parameters 
with  other  sub-system  test  data.  Statistical  data  accumulated  from  acceptance  tests  on 
rate  gyro  units,  for  example,  would  be  compared  with  simulation  model  Inputs  (e.g.,  mean, 
standard  deviation)  for  drift  characteristics,  dynamic  range,  response  time,  etc.  From 
this  comparison,  the  system  designers  may  uncover  performance  deficiencies  In  the  overall 
behavior  of  the  gyros,  a  failure  of  the  total  gyro  population  to  meet  specification,  a 
non-normal  distribution  of  the  characteristics,  or  some  other  Important  variation  that 
might  otherwise  be  overlooked. 

Carrying  this  example  a  step  further,  factory  acceptance  data  would  normally  Include 
closed  loop  subsystem  response  tests  on,  say,  a  seeker  assembly.  A  careful  comparison  of 
test  results  with  simulated  results  might  reveal  additional  non-llnearltles  present  that 
were  not  adequately  specified  and  could  degrade  system  performance.  The  system  design 
might  thus  become  altered  to  account  for  the  unexpected  characteristic. 

To  cite  another  area,  the  software  model  must  be  validated  through  detailed  comparisons, 
under  both  static  and  dynamic  conditions,  with  results  from  tests  conducted  on  the  system 
software.  The  simulation  representation  of  the  system  code  must  be  validated  for  each 
functional  software  block.  This  process  can  reveal  improper  algorithm  Implementations  In 
the  real  software,  computational  sequencing  errors,  timing  deficiencies,  and  data  base 
mismatches.  Thus,  the  system  software  Is  checked  against  initial  design  requirements  at 
the  same  time  the  simulation  model  is  validated. 

Proper  consideration  of  the  approach  used  for  simulation  validation,  and  recognition  of  the 
benefits  accrued.  Indicates  that  validation  can  be  a  cost  effective  undertaking.  Raytheon's  experience 
Indicates  that  an  approach  that  emphasizes  the  application  of  engineering  Judgment  as  a  criterion 
rather  than  extensive  use  of  statistical  teats  maximizes  the  cost  effectiveness  cf  this  vital  activity. 

The  resulting  detailed  engineering  analyses  frequently  can  Impact  the  ongoing  system  development  In  a 
positive  manner.  The  end  result  la  a  sounder  and  more  effective  system  design. 

CONCLUSIONS 

Is  this  extensive  validation  effort  and  the  time,  cost,  and  effort  It  represents  really  needed? 

Why  not  simply  test  the  system  to  prove  It  meets  specification?  The  answer  to  both  questions  is 
clear.  New  systems  are  generally  more  capable  than  their  predecessors,  which  Implies  they  must  be 
tested  over  ever  broader  sets  of  engagement  conditions  prior  to  production.  Given  the  cost  of  devel¬ 
opmental  hardware,  and  the  time  and  cost  required  to  conduct  flight  tests,  a  large  number  of  system 
tests  Is  prohibitive.  Further,  actual  system  tests  cannot  possibly  address  all  possible  combinations 
of  environmental  variations  and  tolerances  on  various  hardware  subsystem  elements.  These  tolerances, 
as  well  as  the  system  specifications  themselves,  are  also  generally  statistical  in  nature,  implying 
an  even  larger  number  of  tests  at  key  conditions.  The  proper  coordination  of  design,  simulation,  and 
testing  activities  resolves  the  apparent  dilemma.  As  the  various  subsystems  are  built  and  tested, 
the  simulation  Is  updated  to  reflect  as-bullt  characteristics.  As  tests  progress  up  to  the  system 
level,  the  results  are  fed  back  to  validate  the  simulation  performance  against  the  field  test  perfor¬ 
mance.  Having  established  confidence  that  the  simulation  accurately  represents  the  system  and  Its 
environment,  It  can  be  used  to  extend  the  field  test  results  and  demonstrate  specification  compliance 
under  a  broad  set  of  conditions. 
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ABSTRACT 

This  paper  is  based  on  simulation  results  gained  on  the  first  1500  production  anti-ship  missiles  of  the  EXOCET  family 
(MM  38,  MM  40,  AM  39,  SM  39). 

After  describing  the  simulation  facilities  of  the  tactical  missile  division  of  AEROSPAIIALE  and  in  particular  the 
SUBDRAY  facility  located  near  BOURGES  in  FRANCE,  the  role  of  simulation  is  shown  from  the  beginning  of  the  project, 
through  development  up  to  the  production  of  missiles. 

The  advantage  of  such  simulation  during  the  production  phase  is  emphasized.  It  is  used  to  improve  the  quality  of  missiles, 
to  gain  knowledge  useful  for  the  development  of  new  versions  and  as  a  quality  insurance  method  during  production. 


1.  INTRODUCTION 

L'utilisation  de  simulations  avec  dements  reels  lors  de  I’etude  et  du  developpement  d’une  systeme  d’armes  est  largement 
repandue.  Celles-ci  permettent  en  effet  d’eliminer  la  plupart  des  incertitudes  introduites  par  le  recours  a  des  modeles 
mathematiques  d’elements  complexes,  d'une  part,  et  d’apprdtier  le  comportement  des  equipements  du  systeme  dans  des 
conditions  electriques  et  dynamiques  proches  de  celles  d’un  vol  r^l,  d'autre  part.  11  en  resulte  une  surete  de  mise  au  point  des 
missiles  prototypes  qui  permet  de  reduire  considerablement  la  duree  et  le  cout  des  phases  de  developpement  et  d'essais  en  vol. 

L’interet  de  poursuivre  de  telles  simulations  lots  des  phases  d'industrialisation  et  de  production  en  serie  est  probablement 
moins  connue  mais  tout  aussi  important:  on  peut  ainsi  controler,  suivre,  ameliorer  la  qualite  en  production  et  acquerir  des 
ren.seignement$  utiles  pour  le  developpement  et  rindustriaiisation  de  nouvelles  versions  de  missiles  de  la  meme  famille.  Ces 
raisons  peuvent  conduire  a  utiliser  la  simulation  comme  un  moyen  de  controle  systematique  de  tous  les  missiles  de  serie. 

C'est  ce  qui  est  fait  a  la  Division  des  Engins  Tactiques  de  I’AEROSPATIALE,  pour  les  missiles  antinavires  de  la  famille 
EXOCET,  depuis  le  deput  de  leur  production  en  serie. 

Les  enseignements  de  cette  experience,  validee  par  un  taux  de  reussite  en  vol  superieur  a  90%,  sont  presentes  ci-apres 
pour  les  1 500  premiers  missiles  de  serie  produits  de  1971  a  1 97*) 

2.  DESCRIPTION  DE  L’INSTALLATION  DE  SIMULATION  EN  SERIE 

La  Division  des  Engins  Tactiques  de  1' AEROSPATIALE  dispose  de  deux  installations  de  simulation  avec  elements  reels 
similaires  dans  leur  principc  et  complementaires  dans  leur  utilisation. 

La  premiere,  implant^  en  region  parisienne,  a  une  vocation  de  recherche  et  de  developpement.  La  seconde,  situee  au 
SUBDRAY  pres  de  BOURGES,  est  plus  particulierement  orientfe  vers  le  suivi  des  missiles  de  serie. 

Ces  installations  de  simulations  permettent,  en  particulier,  de  representer  le  comportement  en  vol  des  missiles  anti-navire 
EXOCET  c’est-a-dire  de  missiles  qui  volent  au  ras  des  flots  grace  a  un  altimetre  assiste  par  un  systeme  inertiel  et  dont  le 
guidage  final  est  assure  par  un  autodirecteur  electromagnetique  actif  a  impulsions. 


Figure  1  EXOCET  MM  38 
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Dans  le  cas  de  I’EXOCET,  I’organisation  generate  des  simulations  est  conforme  au  schema  synoptique  suivant: 


CALCULATEUR 

HYBRIDE 

E.A.I. 

-  Masse,  inertias,  pousste 

-  Coefficients 
atrodynamiques 

-  Equations  des  forces  et 
des  moments 

-  Affichage  du  pupitra 

-  Conditions  initiates 

-  Siquanca  automatique 
de  vol 

-  Commande  da  la  cible 


Affichage 

Logique 
du  pupitre 


AccAMrations  r(rxi  ,  Fv)  ,  Fz, ) 
Altitude  par  rapport  t  la  mar  (Za) 

Conditions  initiates 


PUPITRE 
(automatique 
ou  manual) 


BAIE  DE  MISE 
EN  OEUVRE 

(Interface 
EAI  -  Missile) 


-  Tiroir  asservisse- 
ment  gyroscope 

-  Commandes 
fonctionnelles 

-  Alimentatioru 

-  Affichage  event  tir 


Fx,  ,  Fy,  ,  Fz 


I 


Commaitde  da  la  cibla 


Positions 

gouvernes 


(Dtplacement  at  glint) 


PARTIEARRIERE  MISSILE 


Figure  2 


A  partir  des  coefficients  aerodynamiqucs  cl  incrticis  du  missile,  dcs  caracferistiques  de  poussee  du  propulseur,  etc.,  un 
calculateur  hybride  integre  les  equations  de  la  mccanique  du  vol  (forces  et  moments)  foum'ssant  ainsi  les  accelerations, 
vitesses,  positions  et  attitudes  du  missile  cn  fonction  Je  revolution  du  braquage  des  gouvemes. 

Les  angles  d'attitude  du  missile  ( V-  <P)  's^us  de  I'integralion  des  equations  des  moments  permettent  d’orienter  les  cadres 
dViie  table  a  degres  de  libcrte  qui  portc  la  partie  avant  du  missile  a  tester.  Cette  pointe  avant  comporte  les  gyroscopes, 
I'altimetre,  le  calculateur  et  rautodirecteur.  ce  dernier  ctant  cn  poursuite  sur  un  simulateur  de  cible. 

Le  calculateur  du  missile  revolt  les  informations  reelles  provenant  de  I’autorJirecteur  et  des  gyroscopes  d’une  part,  les 
informations  accclerometriques  et  I'altitude  du  missile  au-dessus  des  vagues  reslituees  par  le  calculateur  hybride  d’autre  part,  fl 
peut  ainsi  elaborer  les  ordres  de  pilotage  —  guidage  en  roulis,  lacet  et  tangage  qui  sont  transmis  a  la  partie  arriere  du  missile  par 
un  cable  de  servitude,  et  executes  par  les  verins  de  gouvemes.  Les  positions  de  ces  demieres,  lues  au  niveau  des  potentiometres 
d'asservissement,  sont  transmises  au  calculateur  hybride  et  .servent  d'entrees  aux  equations  de  forces  et  de  moments. 

La  realisation  pratique  de  ce  type  de  simulation  necessite  que  I'installation  comporte  les  principaux  sous-ensembles 
fonctionnels  suivants: 

—  une  chambre  anechoide 

—  un  simulateur  de  cible  permettant  de  generer  un  echo  representatif  de  la  cible 

—  un  dispositif  permettant  de  generer  le  mouvement  de  la  mer  “vu”  par  I’altimetre  du  missile 

—  une  table  3  axes  reproduisant  les  mouvements  angulaires  du  missile  autour  de  son  centre  de  gravite 

—  un  calculateur  hybride  (analogique/numerique)  et  les  moyens  d’enregistrement  des  resultats 

—  une  bale  d’interface  entre  le  missile  a  tester,  les  differents  equipements  de  I'installation  de  simulation  et  le  pupitre  de 
commande  de  I'ensemble. 

La  description  de  ces  elements  qui  est  faite,  ci-aprw,  correspond  a  I'installation  du  SUBDRAY  qui  a  servi  a  controler  la 
quasi  totalite  des  missiles  de  la  famille  EXCXTET. 


Photo  1  —  La  chambre  anechoide  et  le  simulateur  de  cible 


•  La  chambre  anechoide  (photo  1 ) 

Cest  une  piece  de  grandes  dimensions  ( 1 2m  X  9m  X  6m)  contenant  le  simulateur  de  cible  et  la  table  trois  axes.  Les  murs 
sont  recouverts  d'un  materiau  absorbant  clans  la  bande  I  (ancienne  bande  X).  Ce  materiau,  visible  sur  la  photo  ci-apres,  attenue 
de  40  dB  au  moins,  les  reflexions  parasites  qui  autrement  perturberaient  recartometrie  de  I’autodirecteur. 

•  Le  simulateur  de  cible 

Le  simulateur  d’echo  de  cible,  visible  sur  la  photo  precedente,  a  deux  fonctions: 

(1)  L'emission  d'un  signal  fluctuant  representatif  de  I’echo  d'un  navire.  Cette  fonction  est  assuree  par  un  generateur 
hyperfrequence  pilote  en  temps  et  en  amplitude  afin  de  representer  revolution  de  I'echo  avec  la  distance  et  par  un  systeme 
d'aiguillage  permettant  d'alimenter  I'une  quelconque  des  32  antennes  tri^res  visibles  sur  la  photo  1,  de  maniere  a 
representer  les  fluctuations  angulaires  du  point  brillant  (glint).  Cet  aiguillage  est  pilote  par  des  enregistrements  de  glint  de 
cibles  reelles,  stockes  sur  bande  magnetique. 

(2)  La  representation  du  defilement  angulaire  de  la  droite  missile-but  au  course  de  I'interception.  Cette  fonction  est  realisee 
en  commandant,  a  partir  des  informations  venant  du  calculateur  hybride,  le  deplacement,  le  long  d'un  rail  circulaire  situe  a 
8  metres  de  la  table  3  axes,  d'un  chariot  portant  la  matrice  d’antennes  triedres. 

NOTA:  L'ensemble  de  I’installation  est  con(u  pour  etudier  et  tester  des  equipements  et  des  systemes  d'armes  de  diverses 
natures.  Dans  certains  cas,  il  est  possible  d'augmenter  le  realisme  des  simulations  en  retractant  entierement  la  partie  avant  de  la 
chambre  anechoide  afin  de  permettre  aux  senseurs  portes  par  la  table  3  axes  de  poursuivre  une  cible  reelle,  terrestre  ou 
aerienne  (Photo  2). 

•  La  generation  du  mouvement  de  mer: 

Le  mouvement  de  la  mer  ‘Vu”  du  missile  est  genere  par  un  programme  arithmetique  puis  enregistre  sur  bande  magnetique. 
On  peut  ainsi  solliciter  le  missile  par  divers  "bruits  de  mer”  analogues  a  ceux  qui  affecteraient  le  signal  altimetrique  d'un  missile 
volant  au-dessus  d'une  mer  pouvant  aller  jusqu'au  haut  de  force  6. 

•  La  table  3  axes 

La  table  3  axes  est  un  systeme  electro-hydraulique  de  precision  qui  recopie  les  mouvements  angulaires  de  roulis,  lacet  et 
tangage  elabores  par  le  calculateur  hybride.  Fabriques  par  la  Societe  CARCO,  a  la  demande  d' AEROSPATIALE,  elle  peut 
entrainer,  avec  des  performances  dynamiques  elevees,  une  charge  de  300  kg.  Ainsi  l’ensemble  de  la  partie  avant  du  missile,  qui 
comporte  la  tctalite  des  equipements  de  guidage,  peut-il  etre  dispose  sur  la  table  sans  aucun  demontage,  ce  qui  est 
particulierement  important  pour  une  recette  de  materiels  de  serie.  Bien  entenclu,  la  charge  militaireet  l'ensemble  propulsif  qui, 
dans  le  missile  complet,  prennent  place  entre  la  partie  avant  et  la  partie  arriere,  sont  exclus  des  simulations.  L'assemblt^e  de 
toutes  ces  parties  est  effectue  apr»  le  controle  en  simulation. 


Photo  2  —  La  table  3  axes  en  position  de  poursuite  d’une  cible  aerienne,  toil  et  parois  de  la  chambre  retractes. 


Photo  3  —  line  pointe  avant  d’EXOCET  mont^  sur  la  table  3  axes. 


•  Le  calculateur  hybride  analogique  —  numerique 

Cest  un  calculateur  hybride  EAI  poss^ant  148  amplificateurs  analc'giques  et  une  unite  arithmetique  dotee  d'une 
mmoire  central  d’une  capacite  de  32  kilomots  de  16  bits  et  d'un  cycle  de  base  de  1 ,2  ps. 

D  permet  de  calculer,  en  TEMPS  REEL,  la  trajectoire  du  missile  k  partir  d’un  modele  mathematique  tr^  complet  de 
I’aerodynamique  et  de  la  propulsion.  La  surveillance  du  vol  se  but  grace  au  trace  de  la  trajectoire  et  de  I’enregistrement  d’un 
grand  nombre  de  paramdtres  caract6ristiques.  Le  calculateur  met  en  oeuvre  automatiquement  d»  la  fin  du  tir  simule  un 
programme  de  test  it  partir  de  valeurs  mises  en  m^moire  au  cours  du  deroulement  de  la  trajectoire;  le  resultat  de  ce  test  apparait 
sur  I’imprimante  de  la  machine  quelques  secondes  apr^  la  fin  du  tir. 


Photo  4  —  La  salle  de  calculateurs. 


•  La  bate  d 'interface 

Elle  assure  les  liaisons  entre  le  missile  a  tester  et  I'installation  de  simulation  et,  en  association  avec  le  pupitre  de 
commande,  simule  I’installation  de  tir  reelle  lors  des  sequences  de  mise  en  oeuvre  et  d'initialisation  des  differents  sous- 
ensembles  du  missile. 


3.  ROLES  DE  SIMULATIONS,  DE  L’ETUDE  A  LA  FABRICATION  EN  SERIE 

Dans  le  cadre  du  programme  EXOCET,  les  simulations  avec  elements  rwls  sent  intervenues  en  permanence,  depuis  le 
debut  de  I'etude  jusqu'au  stade  de  la  production  en  serie,  tout  en  voyant  leurs  objectifs  evoluer  avec  I'avancement  du 
programme. 

Les  simulations  d'etude  et  de  developpcment  ont  etc  realises  dans  le  centre  des  Gatines  proche  des  bureaux  d’etude  de  la 
region  parisienne;  les  simulations  de  recette  en  serie  ont  ete  ex^t^  au  centre  du  SUBDRAY  installe  dans  des  locaux  voisins 
des  ateliers  pyrotechniques  d'assemblage  final  des  missiles.  Le  transfert  d'un  site  a  I’autre  a  ete  accompagne  du  passage  en 
simulation  de  5  missiles  de  debut  de  serie  sur  les  deux  installations  afin  de  verifier  que  les  conditions  d'acceptation  etaient  bien 
identiques  dans  les  deux  centres. 


3. 1  Les  simulations  d'etude  et  de  d^veloppement 

Leur  role,  maintenant  classique,  c''mporte  trois  etapes: 

—  Les  simulations  d'etude  li  proprement  parler  qui  sont  une  copie  fidele  des  simulations  purement  numeriques  dont  elles 
reprennent  les  moddes  tnathematiques.  Au  fur  et  a  mesure  de  la  r^sation  des  ^uipements  prototypes  (calculateurs, 
gyroscopes,  verins,  autodirecteur„.)  ceux-ci  sont  substitu^  aux  modeles  mathematiques,  permettant  ainsi  une  analyse 
comparative  des  performances  reelles  des  raateriels  et  des  performances  prevues. 

A  titre  d’exemple  des  retombees  possibles,  et  sans  parler  des  classiques  rectifications  d’erreurs  de  signes,  signalons,  pour 
I’EXCKTET,  la  mise  en  evidence  d’une  oscillation  non  pr^e  de  la  chaine  d’autoguidage  due  a  Taction  conjuguee  d'un 
seuil  trop  important  des  moteurs  d’asservissement  de  Tantenne  et  de  la  valeur  de  Tincrement  d’integration  numerique  du 
signal  d’ecartometrie. 

De  fo9on  plus  g^erale,  cette  phase  de  Tetude  permet  de  valider  et  d'ameliorer  la  definition  des  modeles  mathematiques, 
d’6tudier  individuellemoit  la  conformite  des  materiels  aux  specifications  initiales  et,  le  cas  ^heant,  de  preciser  ces 
specifications  sur  certains  points  insuffisamment  appreci^  au  niveau  de  Tetude  theorique. 

—  Les  simulations  d’intigration  prototypes 

Ces  simulaticms  interviennent  au  stade  suivant  de  developpcment  du  missile  lorsque,  Toisemble  des  equipements  uyant 
ete  developpe,  il  convient  de  s’assurer  du  bon  fonctionnement  global  du  systeme.  On  peut,  a  ce  stade,  deceler  des  defauts 
de  cohabitation  entre  des  Equipements  du  missile  ou  du  poste  de  tir  (courante  de  masse,  parasites...),  s’assurer  du  bon 
fonctionnement  des  sequences  avant  et  pendant  le  voi,  et^uer  Tinfiuence  de  certaines  combinaisons  de  tolerances  non 
prEvues  etc. 
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Pendant  cette  phase,  qui  a  dure  6  mois  environ,  la  simulation  a  permis  d'eliminer  nombre  d'anomaiies  qui,  tel  un 
parasitage  s}rsteniatique  des  ordres  de  guidage  provoque  par  la  mise  en  action  des  moteurs  de  pr^ession  d’un  gyroscope, 
cr^ent  des  defauts  difficilement  visibles  autrement  que  sur  les  ordres  ou  la  trajectoire  calcules  en  boucle  ferm^. 

D’une  maniere  plus  generate,  la  simulation  permet  de  mettre  en  evidence  des  defauts  de  principe,  souvent  mineurs  et 
parfois  fugitife,  moins  par  la  mesure  de  leur  valeur  elementaire,  qui  peut  etre  faible,  que  par  leurs  cons^uences  sur  la 
mission  evaluee  dans  des  conditions  de  fonctionnement  tr»  proches  de  celles  d’un  vol  reel.  Cette  particularite,  propre  au 
fonctionnement  en  boucle  fermee,  est  d'une  extreme  efficacite  pour  reveler  des  defauts  non  decelables  par  les  integrations 
statiques,  effectuees  par  ailleurs,  dont  la  simulation  devient  ainsi  le  complement  indispensable. 

—  Les  simulations  de  recette  des  missiles  d’essais  et  d'evaluation 

Ces  simulations,  qui  sont  en  quelque  sorte  le  prolcmgement  des  simulations  d’ini^auon  precedentes,  permettent: 

•  d'ameliorer  la  qualite  des  missiles 

•  d'interpreter  rapidement  certains  r^ultats  obtenus  en  vol 

•  d'ameliorer  la  definition  des  futurs  missiles  de  serie. 

—  L  'amelioration  de  la  qualite  des  missiles  d’essais: 

Le  controle  en  simulation  repr^nte  la  seule  etape  de  la  vie  du  missile  ou,  avant  son  tir  effectif,  toutes  ses  fonctions  sont 
test^  pendant  la  duree  d’un  vol  reel  dans  des  conditions  dynamiques  proches  de  la  realite  tout  en  subissant 
simultanement  une  epreuve  thermique,  mecanique  et  electrique  realiste.  Cette  ^reuve  est  d’autant  plus  significative 
qu’elle  est  repet^  pour  chaque  missile  un  grand  nombre  de  fois  en  f^sant  varier  les  conditions  de  tir  de  maniere  a  mettre 
en  oeuvre  I’ensemble  des  conditions  d’emploi  possible  de  I'arme.  II  en  resulte  qu’un  grand  nombre  de  pannes  ne  sont 
detectees  qu’ii  ce  stade,  soit  parce  qu’elles  etaient  latentes  et  ont  ete  revels  par  I’^reuve  subie  (deverminage),  soit  parce 
qu’elles  n’etaient  decelables  qu’au  travers  des  cons^uences  qu’elles  entrainent  dans  un  fonctionnement  en  boucle  fermee 
dans  des  conditions  proches  du  vol  r^l.  En  effet,  I'analyse  des  resultats  de  simulation  comportant  un  examen  visuel  de 
revolution  d’un  grand  nombre  de  parametres  caracteristiques,  des  comportements,  non  prevus  dans  les  tests  de  recette 
hors  simulation,  peuvent  etre  d&eles  et  etimin«  s’ils  ont,  ou  risquent  d’avoir,  une  cons^uence  sensible  sur  les 
performance  en  vol  du  missile. 

A  cet  egard,  I’exemple  de  I’EXOCET  MM38  est  significatif  de  I’apport  des  simulations  sur  le  taux  de  reussite  des  essais  en 
vol  puisque  sur  1 9  tirs  de  developpement  (dont  1  missile  k  preguidage  et  1 8  missiles  complets  autoguides)  les  trois  echecs 
partiels  observe  ont  tous  eu  pour  origine  une  sequence  qui,  pour  des  raisons  pratiques,  (risques  de  deterioration)  n’etait 
pas  ex^tes  physiquement  en  simulation.  D  s’agissait,  en  I’occurence,  de  I’extraction  de  la  prise  ombilicale  qui  provoquait 
le  parasitage  d’une  information  transmise  par  I’installation  de  tir. 

—  L'interpretationde  certains  resultats  de  tir 

Bien  entendu,  I’interpretation  des  r^ultats  de  tir  passe  par  I’analyse  des  r^ultats  des  mesures  extemes  et  internes 
effectuees  pendant  le  tir,  I’utilisation  des  modeles  mathematiques  du  vol  et  certains  essais  et  etudes  complementaires. 

Cependant,  dans  un  certain  nombre  de  cas,  le  recours  a  la  simulation  avec  elements  reels  se  revMe,  de  par  son 
fonctionnement  en  boucle  fermee,  comme  le  moyen  d’investigation  le  plus  rapide  et  le  plus  efficace  pour  mettre  en 
evidence  I’origine  d’un  comportement  anormal.  Cest  ainsi  que  la  cause  d’un  transitoire  d’altitude  anormalem»it  bas, 
observe  lors  du  premier  vol  de  missile,  a  pu  etre  identifiM  (^retage  insuffisamment  franc  des  grands  ordres  de  tangage)  et 
eliminM  pour  les  tirs  suivants.  Par  opposition,  le  parasitage  evoque  au  paragraphe  precedent,  decouvert  au  6eme  tir,  et 
dont  la  cause  premiere  n’etait  pas  integrw  dans  la  simulation,  n’a  pu  etre  interprete,  apres  2  autres  ^hecs,  qu’au  18eme  tir. 

—  L’amelioration  de  la  definition  des  futurs  missiles  de  serie 

La  simulation  des  missiles  d’essais  constructeur,  portant  sur  un  nombre  deja  significatif  d’equipements  et  repr^ntant  un 
nombre  considerable  de  tirs  fictift  (phisieurs  milliers),  permet  de  recueillir  des  elements  statistiques  objectifs 
d’apprMation  du  comportement  du  missile.  Ces  statistiques  qui  sont  enrichies  en  permanence,  et  serviront 
ultmeurement  it  definir  des  clauses  de  recette  adaptees,  conduisent  dans  un  premier  temps,  a  parfaire  la  definition  du 
fiitur  missile  de  serie.  Cest  ainsi  qu’une  imprecision  trop  importante  des  paliers  d’altitude,  due  k  la  dispersion,  d’un  missile 
a  I’autre,  des  courants  de  polarisation  d’un  amplificateur,  a  pu  etre  mise  en  evidence.  Le  choix  d’un  amplificateur  de  classe 
superieure  a  permis  de  corriger  ce  d^ut  qui  ne  pouvait  £tre  mis  en  eviduice  et  analyse  que  lors  d’un  fonctionnement 
d’ensemUe  en  boucle  fermw. 

En  conclusion,  lors  de  cette  phase  importante  d’un  programme,  la  simulation  peut  etre  un  moyen  extr^ement  efficace  pour 
am^Iiorer  le  taux  de  r6issite  des  essais  en  vol,  compiler  et  enrichir  leurs  enseignements,  apporter  une  interpretation  rapide  de 
certains  incidents  de  vol  et  am^rer  la  definition  du  missile  de  serie.  Les  delais  et  les  couts  des  essais  et  de  la  phase 
d’industrialisation  qui  suit  sont  ainsi  considerablement  diminues. 

3.2  Les  sfanuiatioin  de  recette  des  missiles  de  sMe 

Compte  tenu  des  resultats  positifs  obtenus  Ion  de  la  phase  de  ddveloppemmit,  I’industriel  a  d6cid6  de  faire  subir  it  tous  les 
missUes  de  sdrie  EXOCET  une  dpreuve  de  recette  en  simulation.  Cette  ^reuve  intervient  dans  le  cycle  de  controle  apr^  un 
premier  contr^e  statique  du  missile  non  chargd,  est  suivie  cTun  second  controle  statique  puis,  aprra  chargement  et  assemblage 
du  missile,  d'un  controle  final  du  missile  complet  charge  dans  son  conteneur  de  tir. 


9-7 


Pour  assurer  la  validite  des  recherches  et  des  conclusions,  les  ^uipements  sont  laisses  dans  la  configuration  la  plus 
proche  possible  de  la  nonnale  de  maniere  a  respecter  les  effets  thenniques,  m^aniques  ou  de  liaison  (courants  de  masse,  effets 
capacitifs...)  dont  on  a  pu  verifier  I'importance.  En  particulier,  les  parties  avant  et  arriere  du  missile  sont  testes  dans  leur 
configuration  exacte  de  vol,  seuls  les  elements  pyrotechniques  (propulseur,  charge  militaire...)  etant  exclus  de  la  simulation. 

La  recette  d'un  missile  est  alors  bas^  sur  I’acccptation  des  performances  de  10  trajectoires  simul^s  couvrant  la  plupart 
des  configurations  de  tir  operationnelles  possibles  en  combinant  I’influence  de  S  distances  de  tir,  8  depointages  initiaux,  7 
configurations  des  parametres  autodirecteur,  les  3  paliers  possible  d'altitude,  4  etats  de  mer,  4  niveaux  de  glint  et  7 
configurations  de  vitesse  de  la  cible. 

Les  criteres  de  recette  sont  issus  de  I'experience  statistique  acquise  au  cours  des  simulations  d’etude  et  de  developpement. 
Ils  sont  precises  le  cas  ^heant,  a  I'aide  des  enseignements  complementaires  recueillis  lors  des  simulations  de  serie. 

Un  programme  de  test  mis  en  oeuvre  par  {’unite  arithmetique  du  calculateur  hybride  signale  automatiquement  les 
parametres  ou  performances  hors  tolerances  ce  qui  permet  au  controleur  de  declencher  un  processus  de  recherche  de  panne. 
En  complement,  I’examen  visuel  de  I'enregistrement  de  34  paramMres  significatifs  est  effectue  en  differe  afin  de  detecter 
eventuellement  des  imperfections  non  prevues  dans  le  programme  de  controle  automatique. 

Si  une  panne  detect^  n’a  pas  une  cause  repertoriee  ou  evidente,  une  localisation  et  une  identification  d’avarie  sont 
entreprises  en  rempla^ant  tel  ou  tel  sous-ensemble  du  missile  it  recetter  par  un  sous-ensemble  de  reference.  Le  sous-ensemble 
identifie  en  panne  est  alors  remplace  et  la  recette  en  simulation  reprise  dans  son  integralite.  En  cas  de  panne  presentant  un 
caractere  nouveau  et  non  accidentel,  une  etude  de  principe  est  declenchee  et  une  intervention  effectuee  aupres  du  secteur  de 
fabrication  ou  du  sous-traitant  conceme. 

Cette  proc^ure  s'est  revels  extremement  efficace  pour  as.surer  la  qualite  individuelle  des  missiles  des  le  debut  de  la 
production,  ameliorer  progressivement  la  qualite  d'ensemble  des  fabrications  et  foumir  des  enseignements  utiles  pour  la 
definition  des  ^uipements  destines  aux  versions  nouvelles  de  missiles  de  la  famille. 

L  'action  sur  la  qualite  individuelle 

Chacun  des  constituants  d’un  missile  subit,  bien  entendu,une  recette  ct  des  controles  classiques  d’abord  unitairement  puis 
en  chaine.  Cependant,  ceci  reste  insuffisant,  tout  du  moins  en  debut  de  production,  pour  detecter  I’ensemble  des  imperfections 
susceptibles  d’affecter  les  materiels.  En  effct,  pour  tout  systeme  complexe,  il  est  extremement  difficile  de  d^nir  a  priori 
I'ensemble  des  tolerances  a  respecter  et  des  tests  a  effectuer  pour  assurer  la  qualite  recherche.  Bien  sur,  une  etude  poussee  sur 
ordinateur  s’appuyant  sur  les  resultats  de  laboratoire  et  d’essais  en  vol  foumit  une  bonne  approche,  mais  etle  reste 
n^essairement  imparfaite  et  incomplete  comme  toute  etude  s'appuyant  sur  un  modele  mathematique  aussi  fidele  soit-il.  La 
simulation  explorant,  grace  a  son  fonctionnement  en  boucle  fermw,  les  domaines  et  les  comportements  non  couverts  par  les 
specifications  initiales  de  controle  exerce  une  action  complementaire  particulierement  important  pour  la  qualite  individuelle 
des  missiles  des  premieres  tranches  de  production. 

Le  tableau  suivant  donne,  dans  le  cas  de  I’EXCXTET  MM38,  quelques  exemples  significatifs  de  d^auts  dweles  et  corriges 
gr4ce  aux  controles  en  simulation. 


Defaut  detecte 

Conditions  d'apparition  du  defaut 
et  consequences  sur  )e  vol  simule 

~  MicTo>coupures  dans  des  resistances 

Altitude  de  vol  finale  aberrante  en  presence  de  vibrations  et 
d’echaifffement. 

—  Contacts  insuffisants  dans  des  prises 
v^culant  des  infonnations  h  faible 
courant. 

Consequences  vari^  pouvanfaller  jusqu'a  I'absence  d’accroch^e  de 
I'autodirecteur  provoqu^  par  un  afficharge  errone  des  donn^  de  tir. 

—  l^lais  ddfectueux 

Altitude  de  v<rf  ou  auioguidage  anormaux  pour  les  configurations  de  tir 
compoTlant  des  accelerations  angulaires  importantes. 

—  Ddrive  anormale  de  gyroscopes 

Erreurs  de  preguidage  importantes.  provoquees  par  Taction  combinee 
de  I'^chauffinnent  et  des  soUidmcioas  mecaniques,  pouvant  eatr^ier  un 
non  accrochage  de  Tautodirecteur. 

Niveau  anormal  de  bruit  dans  la  boucle 
interne  de  stabilisation  de  Tauto* 
directeur 

ImtabiUte  de  la  trajectoire  autoguidee  pour  certaines  conditicms  de 
depointage. 

—  Vaiiatioa  anormale  avec  la  tempirature 
(Tun  gain  de  fautodirecteur. 

Inttabilite  de  I'ecattofn^trie  en  boucle  feimde  aprbs  ichauffement. 

—  Poritionnemcm  anormal  d’un  cible 
entrainant  un  blocage  de  I'antenne  de 
I’autodirecteiir. 

Abecnce  d'cutoguidage  pour  certaines  configurations  de  fir  i  fort 
dipointage. 

—  Bruit  haute  Mquencc  dans  la  boode 
interne  (Tasservissement  (fun  vitin  de 
gouveme. 

AnomaBe  du  transitoire  de  dipait  provoqui  par  une  consommation 
ilectrique  trop  importame  modifiant  les  courants  de  masse  (Tun 
teraporisateur. 
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On  notera  que,  pour  lous  ces  exemples,  les  materieis  en  cause  avaient  subi  avec  succes  les  epreuves  de  recette  et  de 
contrdle  statique,  et  que,  souvent,  il  f^ait  reunir  plusieurs  conditions  (dynamiques,  thenniques,  mecaniques...)  pour  mettre  le 
d^ut  en  evidence. 

Incidence  sur  la  qualite  d’ensemble  de  la  fabrication  et  les  couts 

Les  quelques  exemples  precedents  montrent  la  difficulte  de  definir  en  debut  de  production  des  controles  efGcaces  pour 
maitriser  des  phenomenes  d’orgines  extrdmement  diverses  pouvant  aller  jusqu’a  certains  details,  non  codifi^,  des  processus  de 
fabrication.  L’analyse  statistique  et  I'interpretation  systematique  des  r^ultats  de  simulation  permettent  d’ameliorer 
progressivement  la  definition  des  tolerances  necessaires  et  suffisantes  pour  assurer  la  qualite  et  suggerent  des  amenagements 
utiles  des  gammes  de  fabrication,  de  recette  et  de  controle  permettant  d'accroitre  la  qualite  tout  en  diminuant  les  couts  par 
abaissement  du  taux  de  rebuts  et  du  nombre  d'interventions  pour  pannes. 

Bien  sur,  a  ptartir  d’un  certain  rang  de  fabrication,  il  n'est  plus  systematiquement  rentable  d’introduire  des  modifications 
dans  les  gammes  de  fiibrication  ou  de  recette,  I'investissement  necessaire  pouvant  depasser  le  gain  possible.  Cest  ainsi  qu’il  est 
apparu  preferable  au  rang  1 000  de  fabrication  de  laisser  la  simulation  seule  capable  de  detecter  certains  types  de  defauts  (0,12 
en  moyenne  par  missile)  alors  que  des  amenagements  des  installations  et  des  procedures  de  contrdle  ainsi  qu'un  complement 
de  tests  dynamiques  en  recette  unitaire  auraient  theoriquement  permis  de  les  deceler  a  d'autres  stades  du  cycle  de  production. 
Mais  de  telles  actions  etaient  inutiles  puisqu’elles  n’auraient  pas  diminue  significativement  les  couts  et  que,  par  ailleurs,  la 
simulation  etait  de  toutes  fa^ons  maintenue.  En  effet,  it  ce  stade,  la  simulation  restait  utile  par  son  action  de  deverminage  mais, 
surtout,  elle  etait  devenuc  un  moyen  privilegie  pour  detecter  I’incidence  des  inevitables  evolutions  de  realisation  sur  la  qualite 
et  les  performances  du  missile  meme  et,  tout  particulierement,  lorsque  ces  variations,  volontaires  ou  non,  sont  a  I'interieur  des 
specifications  elementaires  de  fabrication  ou  de  recette.  Cest  ainsi  qu’une  utilisation  imparfaite  d'un  nouvel  outillage  destine  a 
realiser  des  connexions  a  pu  etre  corrigee  rapidement  apres  que  des  ruptures  ont  ete  observe  en  simulation. 

La  sensibilite  de  la  simulation  a  de  tels  incidents  est  illustr^  par  le  graphique  suivant  qui  presente  revolution  du  nombre 
moyen  des  missiles  refuse  en  simulation  pour  precision  insuffisante  du  preguidage. 


La  trte  franche  discontinuity  qui  apparmt  au  rang  500  de  fabrication  coincide  avec  I'arrivee  en  simulation  de  missiles 
yquipys  d’une  nouveUe  serie  de  gyroscopes.  Ces  gyroscopes  pr6sentaient,  en  simulation  seulement,  des  dyrives  incompatibles 
avec  I’etficacity  garantie  du  systime  d’armes.  L’analyse  du  phynomtoe  a  niontre  que  les  tests  de  recette  unitaire  effectues  sur 
table  SCORSBY  en  prysence  de  mouvement  sinusoi'daux  ytaient,  compte  tenu  d’un  effet  d’activation  des  roulonents,  trop 
optimistes  et  qu’il  en  etait  de  meme  des  tests  en  statique  pour  lesquels  les  durs  des  roulements  masquaient  les  derives.  Par 
contre,  en  simulation,  les  mouvements  angulaires,  tr^s  voisins  de  ceux  d'une  trajectoire  ryelle,  entrainaient  de  ddrives 
impoitantes. 
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De  i^on  trra  generate,  la  simulation  est  un  moyen  tr^  sensible  pour  detecter  les  variations  de  fabrications  pouvant  avoir 
une  consequence  sur  la  mission.  Dans  tous  les  cas,  la  politique  adopts  a  ete  d’expliquer  et  d’eliminer  tout  ecart  sensible  de 
comportement  des  missiles  par  rapport  au  comportement  habittueUement  observe  meme  si  cet  ecart  pouvait  etre  considere 
conune  acceptable  a  cet  instant  de  la  vie  du  missile.  Cette  politique  s'est  revelee  extremement  efficace  en  permettant  d’obtenir 
une  grand  Constance  de  la  qualite  des  missiles,  ainsi  qu’un  taux  de  retour  en  usine  des  missiles  clients  et  un  cout  de  maintien  en 
condition  des  materiels  particulierement  bas.  Ceci  a  permis,  par  ailleurs,  d’espacer  les  controles  periodiques  ce  qui  est  tout 
particulierement  interessant  pour  les  versions  de  I’EXOCET  embarquees  sur  navire. 

En  r^ume,  la  simulation  a  largement  participe  a  I’obtention,  d^  le  debut  de  la  production,  du  niveau  de  qualite  requise 
pour  les  missiles  EXOCET.  Ce  niveau  a  pu  etre  atteint  et  meme  depasse  [tour  un  cout  raisonnable  en  evitant  un  resserrement 
inutile  des  tolerances  ainsi  que  la  multiplication  couteuse  des  controles  elementaires  et  des  tirs  de  missiles  reels. 

Incidence  sur  la  definition  des  equtpements  des  missiles  de  la  famille 

Les  enseignements  obtenus  lots  des  simulations  de  serie  MM38,  premier  missile  de  la  famille,  ont  permis  d'ameiiorer  la 
definition  des  equipements  des  versions  suivantes;  Air-Mer  AM  39,  Mer-Mer  longue  portee  MM  40,  sous-marin-mer  SM  39. 
C’est  ainsi  qu’en  reprenant  I’exemple  deja  evoque  des  derives  de  gyroscopes,  une  etude  particuliere  conduite  sur  I’installation 
de  simulation  de  serie,  a  permis  d'analyser  les  causes  premieres  du  comportement  observe.  II  en  est  resulte  pour  le  constructeur 
une  meilleur  connaissance  du  gyroscope,  de  ses  problemes  de  deformation  lors  d'un  choc  thermique,  des  materiaux  a  utiliser  de 
preference,  la  dilution  d’un  nouveau  processus  de  reglage  des  pr^ontraintes  des  roulements  ainsi  que  de  nouvelles  clauses  de 
recette  avec  des  moyens  differents  donnant  de  meilleures  garanties  d’adaptation  du  materiel  a  la  mission. 


4.  CONCLUSION 

Cet  expose  resume  I'usage  fait  par  AEROSPATIALE  d’une  simulation  avec  elements  reels  depuis  le  stade  de  la 
conception  jusqu'a  celui  de  la  sortie  du  1 500eme  missile  EXOCET. 

Au  cours  cette  experienc,  la  simulation  s’est  revels  etre  autant  un  remarquable  moyen  d’etude  et  de  developpement  —  ce 
qui  etait  connu  —  qu’un  moyen  industriel  puissant  permettant,  pour  un  cout  modere,  d’obtenir  d»  le  debut  de  la  production  un 
niveau  de  qualite  superieur  a  I’objectif  fixe  pourtant  eleve.  Sur  le  plan  commercial,  I’industriel  a  beneficie  de  ce  fait  d’une 
satisfaction  et  d’une  confiance  accrues  de  la  part  de  ses  clients. 

Le  succu  de  cette  operation  conduit  AEROSPATIALE  ii  preparer  I’extension  de  la  methode  a  la  recette  pour 
prelevement  de  missiles  de  grande  ou  de  tres  grand  serie  en  remplacement  psrtiel  des  recettes  en  vol  pratique  jusqu’ici  pour 
ces  classes  de  missiles. 
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SUMMARY 

This  paper  discusses  the  hybrid  siMulatlon  facilities,  system  modeling  and  the  model 
validation  process  for  a  U.S.  Army  missile  development  program. 

Two  fundamental  problems  In  missile  system  design  and  development  require  an  accurate, 
valid,  proven  computer  simulation;  analysis  of  errors  and  performance  verification. 

The  classical  approach  to  error  analysis  Is  by  Monte  Carlo  simulation.  System 
performance  over  the  entire  spectrum  of  operating  conditions  cannot  be  verified  by 
field  tests  alone  due  to  economic  constraints:  It  must  be  verified  by  simulation. 
Verification  of  total  system  performance  was  a  major  analytical  effort  In  the 
development  program.  A  complete  hybrid  computing  facility  was  procured  and  dedicated 
to  this  end.  Two  Independent  system  simulations  were  developed;  a  hybrid  simulation 
and  an  all  digital  simulation. 

The  development  program  has  been  very  successful.  The  extensive  simulation  conducted 
during  the  conceptual,  proto-type  development  and  production  design  phases  played  a 
major  role  In  this  success.  Over  two  million  simulated  missile  launches  were 
conducted  to  evaluate  and  optimize  missile  system  design  under  the  myriad  of 
conditions  In  which  It  must  operate.  For  the  simulation  to  fulfill  Its  role  It  had  to 
be  accurate,  valid  and  cost  effective.  Careful  attention  was  given  to  modeling  of 
each  element  of  the  system  throughout  the  entire  ten-year  development  cycle  to  verify 
and  validate  the  entire  simulation.  Test  data  was  compared  to  simulation  data  on  a 
continuing  basis  and  when  necessary,  math  models  were  revised.  The  entire  validation 
process  consisted  of:  laboratory  characterization  test  of  each  system  element,  real 
time  simulation  with  hardware-1n-the-1oop  for  direct  comparison  with  models,  captive 
flight  test,  and  full  system  test  firings. 


The  computer  simulation  equipment  procured  for  this  effort  has  been  found  to  be  quite 
adequate  for  the  task  and  cost  effective.  The  facility  was  used  one  hundred  percent 
of  the  time  during  peak  effort  to  support  specific  studies:  that  Is,  24  hours  a  day,  7 
days  a  week. 
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Aerodynialc  coefficient  -  standard  aeronautical  subscripts  (subs) 
(I.e.,  Is  coefficient  associated  with  the  X  axis  force 
equation ) . 

Incremental  aerodynamic  coefficient. 

Monte  Carlo  error  term  associated  with  Aerodynamic  equation  -- 
subscripts  references  term  to  specific  aerodynamic  coefficient  or 
equation. 

Flight  path  and  body  axis  force  vectors. 

Gravitational  acceleration. 

Control  surface  hinge  moment 
Moments  of  Inertia. 

Aerodynamic  moments. 

Aerodynamic  reference  length. 

Attitude  rates  In  body  axis. 

Attitude  rates  In  flight  path  axis. 

Aerodynamic  reference  area. 

Aerodynamic  forces. 

Angle  of  attack  and  sideslip. 

Absolute  value  of  the  sum  of  the  control  surface  deflection  terms. 
Control  surface  deflections  terms 
Air  density. 

Euler  angles  transformation  angles. 

Body  axis  to  body  prime  axis  transformation  angles. 

Time  constant. 
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INTRODUCTION 

The  NELLFIRE  missile  Is  a  laser  guided  anti-armor  weapon  developed  for  the  U.S. 
Army.  It  Is  the  primary  weapon  for  the  AH-64  advanced  attack  helicopter.  Predominant 
characteristics  are  low  cost,  modular  construction,  long  range,  and  high  accuracy. 
Verification  of  total  system  performance  was  a  major  analytical  effort  In  the 
development  program.  A  complete  hybrid  computing  facility  was  procured  and  dedicated 
to  this  end.  Two  Independent  system  simulations  were  developed;  one  being  the  hybrid 
simulation  and  the  other,  an  all  digital  simulation  programmed  for  the  IBM  370/168  and 
the  CDC  Cyber  176  computers. 

Two  fundamental  problems  In  missile  system  design  and  development  which  require  an 
accurate,  valid,  proven  computer  simulation  are  (1)  analysis  of  errors  and  (2)  system 
verification.  The  missile  system  design  must  be  optimized  to  provide  the  best 
performance  In  the  real  world  environment  characterized  by  random  conditions  and 
noise.  The  classical  approach  to  error  analysis  Is  by  Monte  Carlo  simulation. 
Verification  that  the  missile  system  performance  meets  the  procurement  specification 
over  the  entire  spectrum  of  operating  conditions  cannot  be  accomplished  by  test  alone; 
It  must  be  verified  by  simulation. 

Monte  Carlo  Method 

A  basic  problem  In  missile  system  design  Is  prediction  and  optimization  of 
performance  In  a  real  world  environment  characterized  by  noise,  parameter  variations 
and  errors.  The  problem  becomes  one  of  estimating  random  process  statistics  of  the 
output  of  a  complex  system  which  results  from  a  multitude  of  random  forcing  functions 
Inputs,  parameters  and  Initial  conditions. 

The  Monte  Carlo  method  Is  a  powerful  com'^utatlonal  technique  In  which  repeated 
Independent  experiments  are  performed  which  yield  classical  random-sample  statistics. 
Missile  system  dynamics  are  simulated  for  a  missile  firing.  Statistically  Independent 
random  forcing  functions.  Initial  conditions,  and  parameters  are  generated  for 
successive  computer  runs.  In  this  manner,  statistically  Independent  sample  functions 
of  the  random  process  are  generated  and  accumulated  over  a  number  of  computer  runs. 
Statistically  Independent  computer  runs  constitute  Independent  similar  experiments, 
and  sample  averages  used  as  estimates  of  ensemble  averages  are  classical -random-sample 
statistics.  It  follows  that  the  well  established  theory  of  random-sample  statistics 
can  be  brought  to  bear  on  the  critical  question  of  estimate  fluctuations;  In 
particular,  sample  averages  computed  from  large  samples  can  often  be  considered  as 
approximately  normal  random  variables,  so  that  the  classical  t  test,  analysis  of 
variance,  apply.  The  Monte  Carlo  method  Is  often  the  only  way  to  study  a  process 
Involving  random  Inputs  and  parameters.  One  of  the  most  Important  applications  Is 
error  analysis  for  control  and  guidance  systems  subject  to  random  Inputs;  In 
particular,  prediction  of  missile  hit  probability  and  mean-square  miss  distance. 


Missile  System  Verification 


A  fundamental  problem  In  verifying  that  a  missile  system  meets  the  entire 
specification  over  the  full  range  of  operating  conditions  Is  cost.  This  Is  because 
system  level  tests  are  destructive;  when  a  missile  Is  launched  It  Is  destroyed  upon 
Impact.  To  verify  (prove  by  test)  that  a  multimode  missile  system  meets  a1 1 
requirements  over  the  full  range  of  operating  conditions  such  as  temperature,  launch 
attitudes  and  angular  rates,  launch  range,  mode,  etc.,  etc.,  and  combinations  thereof, 
It  Is  easy  to  see  that  a  very  large  number  of  tests  would  be  required.  The  number  Is 
multiplied  a  thousand  fold  when  system  errors  are  considered;  each  test  firing  Is  but 
a  sample  of  one  and  a  large  number  of  samples  are  required  to  provide  high  statistical 
confidence  that  the  results  describe  the  true  performance  of  the  missile.  It  Is  easy 
to  see  that  It  Is  cost-prohibitive  to  verify  a  complex  missile  system  by  test  alone. 
Verification  of  missile  performance  must  be  accomplished  by  simulation.  Test  firings 
are  simulated  on  a  computer  and  performance  Is  measured.  Simulated  tests  can  be 
repeated  over  and  over  at  little  cost,  comparatively,  to  evaluate  performance  over  the 
full  set  of  conditions  and  combinations  of  conditions.  Monte  Carlo  techniques  are 
used  to  determine  performance  statistically. 


To  verify  by  simulation  that  the  missile  system  meets  the  specification  requires  a 
valid  simulation,  that  is,  one  that  truly  represents  the  actual  hardware  performance. 
Verification  of  the  simulation  Is  of  utmost  Importance  to  both  the  system  contractor 
and  the  customer  since  It  Is  the  tool  by  which  compliance  with  the  specification  Is 
determined.  In  the  case  of  HELLFIRE,  system  simulation  was  performed  by  both  the 
customer  and  the  contractor.  Close  cooperation  was  maintained  throughout  the  design, 
development  and  test  programs.  Results  were  continuously  compared  and  cross-checked 
to  verify  the  simulations.  The  entire  verification  process  consisted  of: 


0  Characterization  tests  of  each  system  element  to  validate  component  models. 


0  Real  time  simulation  with  hardware-ln-the-loop.  The  laser  seeker,  autopilot, 
actuators,  and  gyros  were  Integrated  Into  the  simulation  Individually  and  In 
combination  for  comparison  with  simulation  math  models. 


0  Captive  flight  tests  where  seeker/designator  performance  was  Investigated  and 
characterized  In  the  field  under  a  variety  of  atmospheric  and  battlefield 
conditions. 


0  And  finally,  full  systen  test  firings  were  nade  in  the  development,  integration 
and  operational  test  programs.  A  total  of  192  full  system  test  firings  were 
made  with  a  success  ratio  of  171/192.  Test  results,  such  as  telemetry 
recording,  cl netheodol 1 te  and  radar  tracking,  along  with  prelaunch 
characterization  test  data  was  analyzed  and  folded  into  the  simulation  to  verify 
that  each  specific  launch  was  adequately  described  by  the  simulation. 

The  NELLFIRE  simulation  was  developed  and  verified  by  a  multitude  of  tests  and 
Independent  analyses  over  a  period  of  more  than  6  years.  It  has  been  demonstrated  to 
be  valid.  It  is  a  powerful  tool  for  evaluating  system  performance,  sensitivities, 
errors,  modifications,  new  control  laws  and  concepts. 

This  paper  discusses  development  and  verification  of  the  HELLFIRE  simulation. 
SIMULATION  OVERVIEW 

The  hybrid  simulation  and  functional  mock-up  facilities  are  delineated  in  Figure 
1.  The  simulation  utilizes  a  number  of  general  and  special  purpose  digital  computers, 
and  analog  computers  to  completely  simulate  missile  system  operation.  The  simulation 
ties  into  the  functional  mock-up  (FMU)  laboratory  which  includes  an  advanced  laser 
target  simulator  (LTS)  to  generate  laser  target  returns,  a  three  axis  table  for 
attitude  positioning  of  the  seeker  and  gyros,  a  hydraulic  load  stand  for  dynamic  aero 
loading  of  the  actuators,  and  a  missile  control  station  which  provides  the  appropriate 
interface  to  seeker,  autopilot,  gyro  and  actuator  hardware.  The  functional  mock-up 
permits  substitution  of  any  one,  or  combination,  of  the  above  missile  hardware 
elements  into  the  simulation;  this  enables  direct  comparison  of  math  models  with  the 
hardware  in  a  dynamic  environment. 
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The  requirements  placed  upon  the  computing  facility  to  support  the  HELLFIRE 
program  are  listed  below  In  order  of  Importance: 

(1)  Provide  real  time  solution. 

(2)  Interface  with  the  functional  mock-up. 

(3)  Sufficient  capacity  to  accommodate  the  simulation  task,  Monte  Carlo 
statistical  processing  and  data  storage  requirements. 

(4)  Economical  to  operate  since  Innumerable  runs  would  be  required  In  the  design, 
development  and  test  program. 

(5)  Minimum  Capital  expenditure. 

The  hybrid  computing  equipment  purchased  to  support  the  HELLFIRE  program  consists 
of: 

(1)  Two  POP  11/70  digital  computers  built  by  Digital  Data  Equipment  Corporation 
each  having  256  K  bytes  core  memory  capacity  with  88  M  byte  disk  storage,  and 
a  compliment  of  CRT  and  typewriter  terminals,  magnetic  tape  unit,  line 
printer,  and  utility  disk  pack  units.  A  POP  11/70  computer  controls  the 
total  simulation.  Integrates  translational  accelerations  to  obtain  velocity 
and  position  In  space,  solves  the  kinematics  of  relative  misslle/target 
positions,  models  the  laser  seeker,  provides  bookkeeping  for  multi-run  Monte 
Carlo  sets,  and  records  statistical  analysis  data.  Off-line,  the  digital 
computers  assembles  the  AO-10  program,  determines  coefficient  values  and  sets 
all  coefficients  on  the  analog  computer. 

(2)  Two  AO-4  analog  computers  built  by  Applied  Dynamic  International  each  having 
192  Multiplying  Digital  Coefficients  units  (digital  pots),  188  amplifiers,  36 
multipliers,  90  nonlinear  modules.  64  A/D  channels,  and  associated  digital 
Interface  equipment.  The  analog  computers  solve  the  rotational  equations  of 
motion  Including  gyro  equations  and  simulate  the  autopilot  and  the  actuator 
control  section.  The  analog  computer  also  provides  the  Interface  to  all  of 
the  hardware  elements  for  'hardware  In  the  loop'  simulation. 

(3)  One  AO-10  special  purpose  high  speed  multi-processor  digital  computer  built 
by  Applied  Dynamics  International  with  analog  Input  and  output  capability. 

This  computer  calculates  all  the  multi-variant  aerodynamic  coefficient 
functions  of  one  or  more  variables  and  algebraically  combines  these  functions 
to  form  the  aerodynamic  forces  and  moments. 

AERODYNAMIC  MODEL 

The  HELLFIRE  missile  consists  of  a  cylindrical  boattalled  body  with  low  aspect 
ratio  aft-mounted  cruciform  wings  having  trailing  edge  control  surfaces,  and 
forward-mounted  In-line  strakes.  A  six  degree-of-f reedom  rigid  body  model  Is  utilized 
In  which  aerodynamic  data  Is  described  In  a  missile  body  prime  axis  system.  The  body 
prime  axes  system  (an  orthogonal  system)  Is  a  body  axes  system  rotated  about  the  X 
axis  such  that  the  Z'  axes  lies  In  a  plane  defined  by  the  X  axis  and  the  free  stream 
velocity  vector.  Similar  modeling  has  been  used  by  Rockwell  on  other  missile  systems 
with  good  success  In  both  simulation  and  flight  data  correlation.  Aerodynamic 
coefficient  data  was  derived  from  full  scale  wind  tunnel  tests.  Coefficient  data  as 
functions  of  one,  two  and  three  variables  are  stored  In  tabular  form  In  the  AD-10 
digital  computer.  The  aerodynamic  coefficient  equations,  presented  In  Figure  2, 

Include  15  error  terms  to  describe  the  uncertainty  associated  with  the  aero  model. 

Some  of  the  errors  are  associated  with  the  precision  by  which  the  aero  data  Is  known, 
others  are  associated  with  manufacturing  variations  from  unit  to  unit. 

Interpolation  routines  are  used  to  provide  Instantaneous  aerodynamic  coefficients 
as  functions  of  angl e-of-attack ,  side-slip,  mach  number  and  control  surface 
deflections.  Thirty-three  tables  having  4391  entries  are  used  to  store  the 
coefficient  data.  Frame  time  of  the  AD-10  computer  Is  94  usee.  The  aero  program  and 
coefficient  data  Is  loaded  Into  the  AD-10  from  the  PDP-11/70  via  a  digital  data  bus 
before  the  simulation  begins.  During  the  simulation  run  all  data,  both  Input  and 
output.  Is  transmitted  between  the  AD-10  and  AD-4  computers  via  A/D  and  D/A  converters. 

The  aerodynamic  model  was  verified  by  wind  tunnel  test,  by  programmed  missile 
flight  test  and  by  terminal  homing  flight  tests.  An  example  of  model  verification 
data  Is  shown  In  Figure  3  which  compares  model  coefficient  data  with  wind  tunnel  data 
for  two  coefficients.  It  can  be  seen  that  the  model  matches  the  empirical  data  very 
well  over  the  entire  range  of  angle-of-attack  and  roll  angle  values.  Similar 
precision  Is  maintained  with  model  descriptions  of  the  other  coefficients.  Due  to 
symmetry  of  the  cruciform  configuration  specific  coefficients  can  be  modeled  as  a 
summation  of  otf  and  $6'  terms  where  Is  the  roll  angle  between  body  and  body 
prime  axis  systems.  Theoretically,  the  rolling  moment  coefficient  can  be  broken  apart 
In  a  similar  manner,  however.  It  was  found  during  missile  flight  test,  that  this  type 
of  a  model  did  not  adequately  describe  the  test  results.  Early  In  the  development 
program,  four  programmed  missile  flight  tests  were  conducted  to  verify  aerodynamic 
characteristics  In  free  flight.  In  these  tests,  specific  maneuvers  were  performed  (by 
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a  program  stored  in  the  autopilot)  to  verify  specific  aerodynamic  characteristics. 
Data  was  collected  by  onboard  sensor/telemetry  package  and  by  range  tracking 
cinetheodol ite.  Missile  roll  response  was  found  to  be  inadequately  described  by  the 
induced  roll  and  control  effectiveness  models  currently  used.  As  a  result,  the 
control  effectiveness  model  was  modified;  and  the  induced  roll  coefficient  model  was 
replaced  with  a  complete  data  table  and  look-up  routine.  With  these  changes,  good 
correlation  between  model  and  test  results  were  obtained  for  the  programmed 
maneuvers.  Aerodynamic  response  was  carefully  analyzed  for  all  192  missile  test 
firings  to  verify  the  models.  Aero  terms  which  are  particularly  sensitive  to 
manufacturing  variations  were  systematically  evaluated  on  each  test  firing. 
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Figure  2  Aerodynamic  Coefficients 


EQUATIONS  OF  MOTION 

Solution  of  the  translational  and  rotational  equations  of  motion  represent  one  of 
the  most  Important  parts  of  the  simulation.  Computer  requirements  such  as  speed  and 
accuracy  are  very  dependent  on  the  choice  of  axis  system  for  the  translational 
equations  of  motion.  It  Is  well  known  that  a  flight  path  axis  system  makes  much 
smaller  speed  and  accuracy  demands  on  the  computer  than  does  a  body  axis  system.  The 
hybrid  simulation,  being  required  to  operate  In  real  time,  utilizes  a  flight  path 
axis  system  for  these  reasons.  The  digital  (DIMODS)  simulation,  on  the  other  hand, 
utilizes  a  body  axis  system. 
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The  aerodynamic  forces  and 
moments  are  computed  Identically 
In  both  simulations  as  well  as 
the  rotational  equations  In 
Figure  4.  The  rotational 
equations  are  simplified 
considerably  due  to  missile 
symmetry  In  both  the  X-Z  and  X-Y 
planes.  The  digital  simulation 
solves  an  additional  nine 
direction  cosine  differential 
equations  to  determine 
orientation  In  space.  The 
digital  simulation  solves  the 
translational  equations  by 
transforming  body  accelerations 
to  earth  axis  and  Integrating  to 
compute  velocity  and  position. 
The  hybrid  simulation  solves  the 
set  of  flight  path  equations 
presented  In  Figure  4.  Flight 
path  forces  (Fy)  are  computed 
on  the  AD-10  computer. 

Angl e-of-attack  (  y)  and 
side-slip  (By)  equations  are 
mechanized  on  the  AD-4  analog 
computer  because  of  speed 
requirements;  all  remaining 
equations  are  solved  on  the 
PDP-11/70  computer.  Missile 
acceleration  and  velocity  are 
computed  In  the  flight  path  axis 
system.  Velocity  Is  transformed 
to  earth  axis  and  Integrated  to 
compute  position  In  space. 
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Figure  3 

Aero  Coefficient  Model  Verification  Data 
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Figure  4 

Equations  of  Motion 
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The  hybrid  and  digital 
siMulatlons  were  extensively 
compared  to  validate  the 
aerodynamic  models.  Both  static 
and  dynamic  comparisons  were 
made  for  conditions  over  the 
entire  flight  regime.  For 
example,  both  free  airframe  and 
closed  loop  (autopilot) 
transient  response  were  compared 
and  matched  for  various  Mach 
numbers  and  perturbation  step 
sizes  (see  Figure  5).  Unguided 
closed  loop  trajectories  were 
also  compared  and  matched.  This 
process.  In  essence,  verified 
that  both  simulations  were 
mechanized  In  accordance  with 
the  models  since  they  were 
Independently  programmed  on 
different  computers. 

ROCKET  MOTOR 

The  rocket  motor  provides  the 
Impetus  to  drive  the  missile  from  the 
launch  point  to  the  target.  The 
pertinent  characteristics  modeled  are; 
the  thrust  profile  (force  vs.  time),  the 
effect  of  ambient  temperature  on  the 
thrust  profile,  total  Impulse, 
propellent  consumption  along  with  the 
corresponding  change  In  missile  mass, 
and  Inertia,  and  thrust  alignment. 

Figure  6  presents  nominal  thrust 
profiles  for  high,  low  and  room 
temperature  conditions. 

These  curves  are  the  statistical 
mean  profiles  derived  from  31  test 
firings  conducted  In  the  development  and 
qualification  test  programs.  Profile 
data  are  stored  In  tabular  form  In  the 
digital  program  for  high,  low,  and 
nominal  temperatures.  Profiles  for 
other  temperatures  are  linearly 
Interpolated  from  the  table.  Error 
terms  are  Incorporated  In  the  model  to 
account  for  variations  In  Impulse, 
thrust  level,  burn  time,  and  thrust 
alignment.  Statistics  for  the  error 
terms  were  determined  from  static  test 
firings  and  verified  on  over  80  missile 
launches  In  which  longitudinal 
acceleration  was  measured  and  recorded. 


Dijnns  HYBRID 


Figure  5 

Closed  Loop  Transient  Response 


TIME 


Figure  6 

Rocket  Motor  Thrust  Profile 
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ACTUATORS 

The  missile  employs  four  pneumatic  actuators  to  position  trailing  edge  control 
flaps  in  a  cruciform  wing  configuration.  The  actuators  consist  of  an  "open  center* 
solenoid  valve  and  an  unbalanced  actuator.  Pseudo  linear  operation  is  accomplished 
by  a  pulse  width  modulation  technique.  Power  is  supplied  by  a  high  pressure  storage 
bottle  and  regulator.  A  complete  theoretical  model  is  fairly  complex  and  quite 
nonlinear.  A  simplified  model  which  embodies  the  essential  characteristics  for  the 
system  simulation  is  utilized  to  reduce  computational  requirements.  The  model  was 
derived  from  closed  loop  frequency  response  data  taken  from  laboratory  measurements. 
The  simplified  model  is  shown  in 
Figure  7.  Nonlinear  parameters 
to  describe  rate  limit,  stall 
torque,  frictional  deadband  and 
fin  hysterisis  (slop)  are 
included  along  with  parameters  to 
simulate  loop  gain,  valve 
dynamics,  torque  sensitivity,  and 
feedback  compensation. 

The  actuator  model  was 
verified  by  laboratory  testing  of 
complete  control  sections  (4 
actuators)  over  the  full 
operating  range  of  conditions  of 
temperature,  supply  pressure,  fin 
loading,  loop  gain,  and  signal 
amplitude.  A  comparison  of  model 
response  and  hardware  response 
for  one  load  condition  is  shown 
in  Figure  8. 


Figure  7 
Actuator  Mode) 


Figure  8 

Actuator  Model  &  Hardware  Response 
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AUTOPILOT 

The  HELLFIRE  analog  autopilot  Is  shown  In  Figure  9.  The  design  utilizes  linear 
operational  anpllflers  and  TTL  logic  gates.  Coapensatlon  and  filter  networks  are 
easily  verifiable  by  laboratory  frequency  response  test.  Figure  10  shows  typical 
response  data  for  the  theoretical  transfer  function,  the  hybrid  simulation,  and  a 
hardware  autopilot.  Logic  functions  and  system  timing  are  also  easily  verifiable  by 
laboratory  test.  Modeling  Includes  17  error  terms  to  describe  gain,  offset  and  timing 
variations.  Statistical  description  of  the  error  terms  was  determined  from  production 
acceptance  test  performed  on  each  unit. 


ynoi  umsci  ctmem 


figure  9 

Autopilot  Block  Diagram 


GYROS 

The  HELLFIRE  missile  utilizes 
two  2-g1mba1  gyros  for  roll, 
pitch  and  yaw  Information  as 
depicted  In  Figure  9.  The  gyros 
are  spun  up  by  compressed  gas  and 
coast  during  the  missile  flight. 
Dynamics  of  the  gyros  are  quite 
high  relative  to  the  missile  pass 
band.  The  gyro  model  used 
consists  of  a  set  of  Euler 
equations  which  relate  body  rates 
to  gimbal  rates  and  error  terms. 
Error  terms  are  Introduced  to 
simulate  random  drift  rates,  'G' 
sensitive  drift  rates,  gyro 
noise,  and  uncaging  errors. 

Model  equations  are  listed  In 
Figure  11 . 

Gyro  noise  Is  simulated  by 
feeding  white  noise  through  a 
power  spectral  density  (PSD) 
filter  having  the  following 
transfer  functon: 


Figure  10 

Lateral  Compensation  Frequency  Response 
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Figure  11 

Gyro  Model  Equations 
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Figure  12 
Gyro  Noise 


Figure  12  compares  model  PSD  with  hardware  measurements.  It  can  be  seen  that  the 
model,  based  on  procurement  specifications.  Is  conservative. 


Verification  of  the  gyro  model  consisted  primarily  of  verifying  that;  one  the 
dynamics  are  sufficiently  higher  than  the  missile  passband,  and  therefore,  have 
negligible  effect,  and  two,  the  error  terms  adequately  describe  anomalies  In 
performance.  Hardware-1 n-the-1 oop  test  were  conducted  with  gyros  mounted  on  the  three 
axis  table;  missile  transient  response  with  hardware  gyros  was  compared  with  model 
gyros  and  found  to  be  virtually  Indistinguishable.  Error  model  was  based  upon  Scorsby 
tests  performed  on  sample  lots  of  gyros  under  various  'g'  environments. 


SEEKER 


A  block  diagram  of  the  seeker  model  Is  shown  In  Figure  13.  The  seeker  model  Is 
organized  Into  two  major  blocks;  signal  processor  and  platform.  The  signal  processor 
senses  the  return  laser  energy,  determines  pointing  error  and  generates  platform  rate 
commmands  which  are  used  to  steer  the  missile  as  well  as  process  the  platform.  The 
platform  describes  the  seeker  head  motion  and  contains  the  associated  precession 
torquers  and  the  spin  control  loop.  Appropriate  error  terms  are  Incorporated  In  the 
model  to  describe  the  major  anomalies  In  performance  such  as;  platform  mass  Imbalance, 
boresight  shift  with  Intensity,  pitch  and  yaw  channel  cross  coupling,  coning  error, 
guidance  noise,  open  loop  gain  and  scale  factor  variations,  static  track  rate  errors, 
and  seeker  threshold. 

The  open  loop  transfer  function  of  the  signal  processor  model  Is  shown  In  Figure 
14  along  with  empirical  data  for  one  particular  hardware  seeker.  The  model  transfer 
function  matches  the  hardware  fairly  well  especially  In  the  null  region  where  tracking 
Is  accomplished  ( 1 1 ne-of-sight  error  Is  about  zero  during  tracking).  Variation  of  the 
open  loop  gain  (slope  of  the  transfer  function  through  null)  from  unit  to  unit  Is 
accounted  for  In  the  Monte  Carlo  process. 

Platform  dynamics  of  the  model  Is  compared  with  seeker  test  data  In  Figure  15  for 
the  track  mode.  Phase  shift  of  model  and  hardware  match  very  well;  gain  of  the  seeker 
hardware  Is  somewhat  greater  than  the  model  at  higher  frequencies. 

The  seeker  Is  not  only  crucial  to  missile  system  performance  but  also  the  most 
complex  element.  A  major  portion  of  the  overall  program  was  expended  on  design, 
development  and  testing  of  the  seeker.  Rockwell  International  as  missile  system 
manager,  designed  and  developed  an  entire  Laser  Target  Simulator  (LTS)  facility  to 
evaluate  and  characterize  the  government  furnished  seeker.  The  LTS,  depicted  In 
Figure  1  consists  of  dual  lasers,  servoed  wedge  attenuators  (low  frequency),  optical 
modulator  attenuator  (high  frequeny),  two  axis  servoed  mirror,  back  projection  screen, 
and  associated  electronics,  power  supplies,  etc.  The  LTS  also  enables  seeker 
hardware-ln-the-loop  simulation  for  direct  comparison  of  math  models  with  hardware. 

Verification  of  tlie  seeker  model  was  accomplished  by:  laboratory  test,  conducted 
by  the  U.S.  Army  Missile  Command,  the  seeker  manufacturer,  and  Rockwell  International; 
field  tests  conducted  at  the  Redstore  Arsenal;  and  the  missile  launch  test  program. 
This  effort  extended  over  a  period  of  years. 
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Figure  15 
Platform  Response 


TARGET-DESIGNATION 


Figure  16  depicts  the  geometrical  relationship  for  a  ‘lock-on  before  launch' 
scenario  with  remote  designation.  The  earth  axis  system  (Xe,  Ye,  Ze)  Is  a  right 
handed  cartesian  coordinate  system  with  the  origin  at  the  Initial  target  position  and 
the  Xe  axis  along  the  helicopter-target  line.  A  simplified  elliptical  target  model, 
shown  In  Figure  16,  situated  perpendicular  to  the  designator  1 1 ne-of-sl ght.  Is 
utilized  to  generate  a  true  target  and  two  false  target  returns  (foreground  and 
background).  The  false  targets  are  located  along  the  des'gnator  1 1 ne-of-sight  to  the 
target.  The  ellipse  size  (major  and  minor  axis)  Is  se1ec;ed  to  approximate  either  the 
front  view  or  the  side  view  of  a  tank:  the  side  view  Is  depicted  In  Figure  17.  The 
model  Includes  moving  target  capability  for  various  scenarios  (I.e.,  stationary, 
constant  velocity,  accelerating/declerating.  and  maneuvering).  Signal  returns  are 
generated  for  the  signal  processor  which  take  Into  account  the  positions,  timing  due 
to  path  length,  reflectivity,  atmospheric  attenuation,  scintillation,  spot  jitter, 
laser  beam  characteristics,  false  target  range,  designator  energy,  reflection  angle, 
and  designator  bias  for  each  of  the  three  target  returns.  This  Information  Is 
supplied  to  the  seeker  signal  processor  which  determines  which  signal  will  be  tracked, 
on  a  pulse  to  pulse  basis,  and  generates  appropriate  guidance  commands.  Ten  error 
terms  are  modeled:  seven  stationary,  and  three  time  varying  types. 


Figure  16 

Target-Designator  Geometry 


Figure  17 

Target  Ellipse  Model 
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CONCLUSIONS 

The  HELLFIRE  devel opement  program  has  been  a  most  successful  missile  program.  The 
missile  has  been  proven  to  be  highly  accurate,  lethal,  operationally  effective,  and 
ready  for  deployment.  One  hundred  ninety-two  test  firings  were  made  with  a  success 
ratio  of  89t;  excellent  for  a  new  missile  In  the  development  phase.  The  extensive 
simulation  effort  conducted  during  the  conceptual,  proto-type  development  and 
production  design  phases  played  a  major  role  In  this  success.  An  estimated  2.1 
million  simulted  missile  launches  were  conducted  to  evaluate  and  optimize  missile 
system  design  under  the  myriad  of  conditions  In  which  It  must  operate.  Of  course,  for 
the  simulation  to  fulfill  Its  role  It  had  to  be  accurate,  valid  and  cost  effective. 
Careful  attention  was  given  to  modeling  of  each  element  of  the  system  throughout  the 
entire  10  year  development  cycle  to  verify  and  validate  the  entire  simulation.  Test 
data  was  compared  to  simulation  data  on  a  continuing  basis  and  when  necessary,  math 
models  were  revised.  The  HELLFIRE  simulation  Is  a  powerful  and  proven  valid 
analytical  tool  for  determining  missile  performance,  for  evaluating  system  designs  and 
changes,  and  for  evaluation  of  operational  concepts. 

The  computer  simulation  equipment  procured  for  this  effort  has  been  found  to  be 
quite  adequate  for  the  task  and  cost  effective.  Since  the  computing  equipment  Is 
owned  by  the  Missile  Systems  Division  of  Rockwell,  and  therefore,  no  leasing  expenses 
Incurred,  considerable  freedom  and  flexibility  In  performing  engineering  tasks  was 
afforded;  the  only  constraint  was  calendar  time.  The  facility  was  used  one  hundred 
percent  of  the  time  during  peak  effort  to  support  specific  studies;  that  Is,  24  hours 
a  day,  7  days  a  week. 

Plans  for  the  hybrid  facility  during  the  current  year  Include  procurement  of 
another  AD-10  computer  having  a  numerical  Integration  processor  and  modification  of 
the  existing  AD-10  to  Incorporate  the  processor.  These  additions  permit  digital 
simulation  of  many  of  the  "high"  dynamic  equations  currently  solved  on  the  AD-4  analog 
computers.  The  Increased  capability  enables  the  entire  HELLFIRE  simulation  to  be 
accomplished  on  one  each  AD-10,  AD-4  and  PDP-11/7D  computers;  the  other  set  of 
computers  will  be  dedicated  to  the  GBU-15  "smart  bomb"  program.  Change  over  and 
reprogramming  Is  nearly  complete. 

The  facilities  will  be  used  to  define  missllle  performance  for  different  seekers 
and  future  generation  missile  configurations.  Potential  for  missile  launch  from  a 
number  of  helicopters  and  fixed  wing  airraft  Is  currently  being  evaluted.  A  similar 
effort  Is  underway  to  evaluate  the  extended  range  ground  launch  potential  and  to 
develop  suitable  trajectory  control  algorithms.  The  hybrid  simulation  will  also  be 
used  to  evaluate  the  performance  capabilities  of  a  ml roprocessor  based  digital 
autopilot  for  eventual  replacement  of  the  analog  autopilot  currently  In  production. 
Future  generation  seekers  will  be  evaluated  In  the  FMU  facility  to  develop  accurate 
performance  models  for  Incorporation  In  the  digital  simulation.  The  first  stage  of 
construction  Is  complete  on  an  Infrared  target  generator  to  use  with  the  three  axis 
flight  table  required  for  evaluation  of  Imaging  Infrared  fire  and  forge  seekers. 
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